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REDUCING THE LOSSES IN THE MAGNETIC CIRCUIT 
OF A LARGE FERRORESONANT 
VOLTAGE STABILIZER* 


E’.K. SUKAZOV 
(Leningrad) 


(Received 6 July 1960) 


Ferroresonant voltage stabilizers have a comparatively low efficiency. 
The efficiency of 1 to 10 kVA stabilizers designed as in Fig, 1 is 
between 0.78 and 0.85 [1]. Not only are the losses themselves con- 
siderable, but they also irregularly distributed between the saturated 
(1) and unsaturated (2) parts of the magnetic circuit, A large part of 
the losses is concentrated in the core (2) which gives rise to additional 
difficulties in heat dissipation and also complicates the design of 
stabilizers over kVA. 


Fig. 2 shows a typical magnetic circuit of high power ferroresonant 
stabilizers. The windings are in the form of cylindrical coils of 
identical inside diameter for technological reasons. 


The core (2) must be saturated over the range of variation in the 
primary voltage U, if their performance of the stabilizers is to be 
satisfactory. For large ferroresonant stabilizers effective induction 
B, in core 2 is usually 1.35 Vb/m* “in the state of the second reference 
point” (i.e. resonance of the currents on no load) [2]. Since B, is 
linked with maximum 


B = B. 


m 


sh 


and since an equal-sided trapezium with a shape factor of ken = 1,06 can 


* Elektrichestvo, NO. 1, 39-41, 1961. 


Ferroresonant voltage stabilizer 


be substituted with sufficient accuracy for the output voltage curve, 
maximum induction is therefore 2.0 Vb/m?. Core 1 is 1.7 to 2 times 
larger in cross section than core 2. 


= 


Pig. 2. 


Under conditions of current resonance on no load the ratio of the 
losses in the saturated part to total] losses in the magnetic circuit is 


py (By, 100% 


2, = 


Syld (Byy + 25) dp, (Gn 


100% 
“| 


where d is the specific gravity of transformer steel, 


Py the specific losses in the transformer steel at maximum induc- 
tion; 


2 
} 2 
= 
Fig. 1. 
| 
| 
= —— 
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Ferroresonant voltage stabilizer 


B 


m(2) ‘he maximum induction in the saturated core. 


But the ratio of the weight of the saturated core to the gross weight 
of the magnetic circuit provided Ss =S, is 


S,ld - 100% 


S,ld+ S,(0+2)d 
100% 


Suppose we substitute in equations 1 and 2 the above ratio of S; to 

and the recommended ratio of 6 to | for the magnetic circuit (i's 

m4 5 to 2,0) 6] [1,3,4]. We then find that 45 per cent of the total 
loss in the magnetic circuit is concentrated in the saturated core which 
is only about 20 per cent by weight of the magnetic circuit. 


If we can vary the operating induction in the unsaturated part of the 
magnetic circuit within definite limits without adversely affecting 
stability, the losses can then be reduced in the saturated part by 
reducing the specific losses of the metal, 


Another way of reducing losses in the saturated core of large ferro- 
resonant stabilizers is to increase the cross-section of the saturated 
core without altering the rest of the stabilizer elements, To keep the 
same standard of stabilization as before, the materia] used for the 
saturated core must have different properties from that used for the 
unsaturated part of the magnetic circuit. In his book on ferroresonant 
stabilizers Lur’e [2] has produced a curve showing the relationship 
between the magnetism of the saturated core and the stabilization and 
basic dimensions of the stabilizer. This characteristic represents the 
effective intensity H, of the magnetic field as a function of the effec- 
tive induction B,: 


= (3) 


An increase in the cross section of the saturated core by a factor 
s 


1 
k ain ) leads to a proportional decrease in core induction (for 


current resonance conditions on no load). To maintain the same general 
regularing characteristic [2] of the stabilizer, the value of the coef- 
ficient in equation (3) for the material of the saturated core should be 


(4) 
where a is the corresponding coefficient of the material used for the 


Ferroresonant voltage stabilizer 


unsaturated part of the magnetic circuit. 


To define the magnetic properties of the metals by means of Lur’e’s 
primary magnetic characteristics, the induction of the material used 
for the saturated core should be &-times lower than that of the material 
used for the unsaturated part of the magnetic circuit. If the specific 
losses corresponding to the maximum hysteresis cycle can be reduced to a 
greater extent than the saturation induction, total losses in the 
saturated core can then also be reduced, 


The material used for the saturated core should therefore satisfy the 
following requirements: 


where F ot andp’ are respectively the saturation induction and 
specific losses corresponding to the maximum hys- 
teresis cycle for the magnetic material of the 
saturated core; and 


Beat 2nd p are the same quantities, but for the material used 
for unsaturated part of the magnetic circuit (trans- 
former steel). 


The losses due to hysteresis are about 85 per cent of the total losses 
in 0.5 to 0.35 mm gauge transformer steel on a.c. at 50 c/s with a form 
factor close to that of a sinusoid [5]. The specific losses can there- 
fore only be reduced appreciably if the hysteresis losses are reduced, 
The hysteresis losses during one cycle can be estimated by Anderson, 
Lanse and Gumlikh’s emphirical formula [6): 


P, = (6) 
where p, represents the hysteresis losses during one cycle per unit 
volume of the material; 


the coercive force corresponding to the hysteresis cycle with 
the desired maximum induction, and 


a = 4x (0,225 


The coercive force remains unchanged if the saturation induction of 


4 
~ pp’. pt ~4Fsat, 
Best Frat’ Bat” 4 
(5) 
| 
P Bsat’ 
196 
ft 
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Ferroresonant voltage stabilizer 5 


ferromagnetic metal is reduced by alloying it with an element with which 
it forms a solid solution [5]. But in some cases H, can be increased or 
decreased by extraneous phenomena, Using formula to estimate the loss 
due to hysteresis in the maximum cycles for certain materials with 
successively diminishing saturation induction we see that losses are 
reduced to a greater extent, the more the saturation induction is de- 
creased, The reduction in losses is a maximum at the lower limit of 
saturation induction (k = 1.7 to 2). 


A study has been made of various elements which form solid solutions 
with iron and can reduce saturation induction as required. Nickel and 
aluminium are of particular interest. Permalloy satisfies condition (5), 
but nickel is in such short supply that permalloy cannot be used for 
the magnetic circuits of large ferroresonant stabilizers. 


In Fe-Al alloys there is a uniform reduction in saturation induction 
with increasing Al -— content up to approximately 14.5 per cent Al. 


At this point saturation induction is at a minimum, 


Tests on two magnetic circuits have shown that losses then decrease 
the saturated core, The dimensions of the magnetic circuits were as 


lows: 
at 
l, mm 6, mm See So em? 
circuits 1 
150 100 16. 23 12.8 9.6 
2 150 100 16. 23 | 12.8 16. 23 


The saturated section of magnetic circuit 2 was made of sheet Fe-Al 
alloy 0.35 mm thick, Magnetic circuit 1 and the unsaturated part of 2 
was made of E 42 grade transformer steel of the same gauge. Both mag- 
netic circuits were tested in the ferroresonant stabilizer circuit on no 
load, Tests conditions were such that the induction was the same in the 
sections S, and S, over the entire range of variation in the primary 
voltage of both magnetic circuits, 


The tests results showed that with the same stabilization factor the 
losses in the saturated section of magnetic circuit 2 over the entire 
range of stabilization were almost a quarter of the losses in the 
saturated section of magnetic circuit 1. The losses were also more 
uniformly distributed in magnetic circuit 2 than in 1. Winding losses 
were the same for both stabilizers. 


Ferroresonant voltage stabilizer 


In conclusion the author wishes to thank V.S. Mes’ kin and 
M.I. Voichinskii for their assistance in this work, 


Translated by O.M. Blunn 
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THE EFFECT OF DEMAGNETIZATION ON 
THE PERMEABILITY OF MATERIALS USED 
FOR MAGNETIC CIRCUITS* 


O.N. AL’ TGAUZEN, N.A. SEMENOVA and A.N. STEPANOVA 


(Received 2 October 1959) 


The initial and maximum magnetic permeability and the permeability in a 
given field are the fundamental characteristics of materials used for 
the magnetic circuits of transformers, apparatus and instruments etc. 
These characteristics are usually defined by the ballistic method. On 
magnetization, there are certain properties of soft magnetic materials 
which lead to irreproducible results in the measurement of magnetic 
permeability, 


A study has been made of the effect of demagnetization on magnetic 
permeability and the variation of magnetic permeability with time for 
certain soft magnetic materials. 


The following Fe-Ni alloys were investigated: 50N, 50NP and 65NP 
grades with a 50 and 65% Ni - content; 79NM with a 79% Ni-content 
alloyed with molybdenum; and 8ONKhS grade with an 80% Ni-content alloy- 
ed with chromium and silicon [1-3]. We also investigated B42 and E43 
grade hot-rolled electrical steel with a 4% Si-content and E330 grade 
grain-oriented cold-rolled 3% silicon steel (GOST 802-58) and an IU.16 
grade Fe-Al alloy with a 16% Al-content. The testpieces were stacks of 
stamped rings 6 to 10 mm high with inside and outside diameters of 20 
and 30, or 40 and 50 mn. 


For grain-oriented alloys, the rings were formed from 10 mm strip in 
such a way that the direction of rolling was along the strip. The 
average diameter of these rings was 5 to 20 mm, 


* Elektrichestvo, No. 1, 51-55, 1961. 


Effect of demagnetization 


To obtain the necessary magnetic properties and remove the cold 
hardening due to the rolling and stamping of the rings of bending of the 
strip, the testpieces were heat-treated in vacuo at 1100° for 2 to 4 hr, 
The residual pressure in annealing was up to 1 to 2 x 1072 mm He. 


G/oerst | 


107 


Fig. 1. Magnetic permeability as a function of field 
intensity for 50N grade Fe-Ni alloy: 
~ thickness 1 mm; 6 thickness 0.1 mm; - after 
heat treatment; — immediately after demagnetization; 
3 - after 168 hr. 
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Effect of demagnetization 


Fig. 2. Magnetic permeability as a function of field intensity 
for 79NM grade Fe-Ni-Mo alloy: 
a -— thickness 1 mm; 6 — thickness 0.2 mm; 1 - after heat treat- 
ment; 2 — immediately after demagnetization; 3 - after 24 hr; 
4 after 168 hr. 
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Effect of demagnetization 


For hot-rolled steel] delivered ex-works after high temperature anneal - 
ing, the ring stampings were tempered at 750° to eliminate cold harden- 
ing. For 65 NP grade Fe-Ni alloy thermo-magnetic treatment was applied 
at 700° in a field of 15 oersted to obtain optimum properties after high 


temperature annealing [1-4]. 


To obtain reproducible results, the magnetic properties were measured 
after demagnetization of the specimens by alternating current of 50 c/s 


which diminishea to zero, 


In order to discover the effect of demagnetization on the magnetic 
properties, the latter were measured immediately after heat treatment of 
the specimens which had never before been under the influence of a mag- 
netic field and again after demagnetization of the same specimens by an 
alternating field, The measurements were taken on d.c, by the ballistic 


method [5]. 


205 a oerst 


Pig. 3. Magnetic permeability az a function of field 
intensity for SONP grade Fe-Ni alloy (thickness 0.05 
mm): 
1 - after heat treatment; 2? — immediately after demag- 
netization. 


The variation in magnetic properties with time was also measured on 
these specimens. Different periods of time were allowed to elapse after 
demagnetization. These measurements were also taken by the ballistic 


method. 


Effect of demagnetization 11 


Demagnetization by an a,c. field was repeated after each measurement, 
The period of time was counted from the moment the demagnetization 
ceased, 


“0 


QJ oerst 
20s 


Fig. 4. Magnetic permeability as a function of field 
intensity for 3% silicon steel (gauge 0.2 mm): 
1 - after heat treatment; 2 - immediately after demag- 
netization; 3 — 24 hr after demagnetization. 


Figs. 1 and 2 show the as-measured magnetic permeability of various 
thicknesses of 50N and 79NM grade Ni-Fe and Ni-Mo-Fe alloys (similar 
curves were obtained for the 8ONKhS grade Fe-Ni-Ch-Si alloy). Fig. 3 
illustrates the SONP grade Fe-Ni alloy and Fig. 4 the electrical steel. 
The magnetic properties of these alloys are given in Table 1. 


The effect of demagnetization 


As can be seen from Figs. 1, 2 and 4, the curve for permeability after 
heat treatment is below that obtained after demagnetization. Demagneti- 
zation usually gives rise to the most marked increase in magnetic perme- 
ability in the intermediate regions of permeability. Initial and maximum 
permeability is practically constant. For 50N (Fe-Ni), 8ONKhS (Fe-Ni- 
~h -Si), 79NM (Fe-Ni-Mo) and 65NP (Fe-Ni) alloys there is a more marked 
change in permeability with increasing thickness of the material. There 
is practically no change in permeability at a thickness of 1.0 mm, 
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Effect of demagnetization 


Unlike the other Fe-Ni alloys, the curve for permeability after heat 
treatment is the higher in the case of 50NP grade Fe-Ni alloy (Fig. 3), 
and a considerable reduction in magnetic permeability occurs in the 
region of weak fields on demagnetization, 


There was no change in the other magnetic characteristics of any of 
the alloys (“saturation induction”, residual induction, coercive force in 
the maximum hysteresis cycle). 


Table 1 shows the magnetic properties of these alloys, the changes in 
their initial and maximum permeability on demagnetization and the maximum 
change in their permeability for the whole curve. Table 1 also shows 
the changes in permeability in respect of 65NP grade Fe-Ni alloy (here 
the last technological operation was heat treatment with the superimpo- 
sition of a magnetic field). Unlike the other alloys, there was a con- 
Siderable increase in permeability on demagnetization, due chiefly to 
the fact that the alloy was magnetized after thermo-magnetic treatment 
and the measurement of permeability began from the point of residual 
induction. 


We suppose that the effect of demagnetization on the magnetic per- 
meability of alloys is a magnetic re-orientation (“texturing”) in the 
material in the direction of the demagnetizing fieia auring the process 
of demagnetization. High magnetic properties are produced in the 50NP 
grate Fe-Ni alloy during the process of heat treatment by grain orienta- 
tion (“crystalographic texture’’ ) in the direction in which the strip 
was rolled. It is also possible that a magnetic re-orientation takes 
Place here in the direction of rolling, whereas demagnetization by 
alternating current changes it and leads to a reduction in permeabili‘ 


The decrease in permeability with time 


The decrease in permeability with time has been the object of many 
investigations [6-12], but the majority have mainly studied the decrease 
which takes place in short periods of time between the end of magneti- 
zation and the beginning of the measurement. We will now give the 
results we obtained after periods of time lasting from 15 min to dozens 
of hours. Figs. 1, 2 and 5 refer to 50N grade Fe-Ni alloy and 79NM 
grade Fe-Ni-Mo alloy and Figs. 4, 6 and 7 to electrical steel. 


It can be seen from the curves for Fe-Ni alloys that magnetic perme- 
Sility usually decreases with increasing periods of time between the 
end of demagnetization and the start of the measurement. An increase 

sometimes occurs during periods of 15 to 30 min. The decrease in mag- 
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netic permeability is most marked at the beginning of the curve (Fig. 5). 
It can last dozens of hours, Every curve measured after a long period 
of time tends to approximate to the curve as measured after heat treat- 
ment without demagnetization, The effect of demagnetization and the 
drop in magnetic permeability are more pronounced, the thicker the 
material under investigation, No decrease with time was observed in 
specimens in which no demagnetization effect was observed. 


G/oerst 
60 


0005 oerst 


Fig. 5. The magnetic permeability of 79NM grade Fe-Ni-Mo 
alloy in weak fields (0.01 mm thick): 

1 - after heat treatment; 2 - immediately after demag- 

netization; 3 - after 15 and 30 min; 4 — after 2 hr; 

5 - after 24hr; 6 - after 168 hr; 7 - after 336 hr. 


In the case of electrical] steel no series of tests was made on speci- 
mens of the same heat (melt) but of different gauge. No conclusions can 
therefore be drawn about the relationship between properties and thick- 
ness. Specimens of E-42 and E-43 grade hot-rolled steel of 0.5 mm and 
0.35 mm gauge respectively were tested and a decrease with time was 
observed. The longer the period of time, the greater the decrease 
(Pig. 6). 


Fig. 4 shows curves for cold-rolled 3% silicon steel of 0.2 mm gauge. 
Despite the considerable increase in permeability on demagnetization, 
the decrease with time was extremely small even after 48 hr, For E330 
grade 0.5 mm gauge steel there was a notable decrease even after 15 min 


} 
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(Pig. 7); the decrease in permeability continued as the waiting period 
was increased*, On some steel testpieces the noticeable drop in perme- 
ability which began 10 to 15 min after the end of demagnetization and 
continued for several hrs, can fluctuate during long periods of time. 
“Delays” also occurred in the start of the decrease with time (during 
short periods of time the magnetic permeability increased compared with 
that measured immediately after demagnetization), and the drop in 
permeability only occurred 2 hr later, At a later date it is necessary 
to investigate the conditions favouring the various manifestations of 
the decrease in permeability with time in cold-rolled electrica] stee] 
and, above all, the composition of the alloy, the production procedure 
and the heat treatment. 


4 


Pig. 6. The magnetic permeability of E43 grade hot-rolled 
electrical steel (0.35 mm gauge): 
1 = immediately after demagnetization; ? - after 2 hr; 
3 - after 24 hr. 


Our research into the effect on magnetic permeability of demagnetiza- 
tion and the decrease in permeability with time suggests that the in- 
crease in the permeability of 50N, 79NM and SONKhS grade soft magnetic 
alloys (Fe-Ni, Fe-Ni-Mo and Fe-Ni-Ch-Si alloys) and the £42 and £43 
grade hot-rolled steels on demagnetization is apparently due to the mag- 
netic re-orientation, and that the decrease in permeability with time is 
due to its reversal, The physics of this phenomenon is not clear and a 
special investigation is required [6-12]. In grain-oriented materia] 
such as 50NP crade Fe-Ni alloy and cold-rolled 3% silicon steel, the 
vause of changes in magnetic permeability is apparently more complicated. 
It may be supposed that the grain orientation ‘uring heat treatment is 
accompanied by magnetic orientation and that demagnetization changes it 
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Effect of demagnetization 


back and this may lead to an increase or a decrease in permeability. 
Such changes in permeability may only be partially reversible. 


The observable variation in permeability as a function of the first 
demagnetization after heat treatment and the period of time between the 
end of demagnetization and the start of the test requires a standard 
method of determining the magnetic properties of soft magnetic alloys. 


G/oerst 
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Fig. 7. The magnetic permeability of E330 grade cold- 
rolled electrical steel (0.5 mm gauge): 
1 — immediately after demagnetization; 2 - after 15 min; 
3 -after 30 min; 4-after 1 hr; 5 after 2 hr; 
6 after 24 hr. 


Attention should be paid to the variation in permeability with the 
period after demagnetization when using these alloys as it can be a 
source of instability in the operation of electrical gear and a source 
of additional noise. 


Translated by 0O.M. Blunn 
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THE ELIMINATION OF ARCING IN 
HIGH FREQUENCY A.C. CIRCUITS* 


V.S. KRAVCHENKO and SUN IUI-CHI 
(Mining Institute of the Academy of Sciences USSR) 


(Received 20 June 1960) 


The research which has so far been undertaken into the phenomena of 
electrical discharges in high frequency a.c. circuits [1-5] has still to 
provide a satisfactory answer to the problem of making such circuits 
free from arcing. It has been shown that arcing is more pronounced when 
opening capacitive-inductive circuits or circuits with a very low induc- 
tance on high frequency a.c, than on d,c, The reason is the shortened 
length of the discharges when quenched during the passage of current 
through Zero. 


Gavril’ chenko has now discovered that the ignition currents will only 
increase up to a definite frequency [2]. A further increase in fre- 
quency leads to a decrease in ignition current. Thus, for example, in 
one series of experiments an increase in frequency up to 20 kc/s led to 
a fourfold increase in the value of the arcing current on a.c, as com- 
pared with d.c, In another series of experiments Gavril’ chenko found 
that a further increase in supply frequency up to 150 kc/s reduced this 
current by a factor of three. 


It is well known that a considerable increase in frequency leads to 
the failure of the electrodes to cool on the passage of current through 
zero and the conditions in the sparkgap continue favourable for a dis- 
charge. Thus conditions again arise at still higher frequencies which 
are instrumental] in maintaining the electrical arc and increasing the 
energy developed there, This paper is a continuation of the research 


* Elektrichestvo, No.1, 77-80, 1961. 


Elimination of arcing 


referred to above in which a study was made of the conditions under 
which inductive and inductive-capactive a.c. circuits can be made proof 
against arcing at frequencies of 5 to 20 kc/s in hydrogen-air atmospheres 
of the most explosive composition (hydrogen content 20% of air by 
volume). 


It is now considered that the arcing capacity of the discharges which 
occur when low-power electrical circuits are opened mainly depends on 
the magnitude of the energy A which enters into the discharge. For in- 
ductive-capacitive wd inductive d.c,. circuits (Fig. 1) the value of A 


is approximately (6,7): 


Le, ul 
(1) 


is the inductance of the circuit; 
the current; 
the voltage of the current source; and 
the maximum duration of the discharge. 


Explosion of the medium takes place if 4 =Aniny Where AL, is the 
minimum value of the energy sufficient to initiate an arc (limit of 


ignition). 


Equation 1 shows that the arcing capacity of the discharges which 
occur when the specified circuits are opened is fully defined by the 
inductance, current and voltage. It is therefore customary to estimate 

the degree of freedom from arcing by plotting the discharge current as a ’ 
function of the circuit inductance and applied voltage using the results 

of tests in explosion chambers with the same probability of explosion 

(e.g. P = 1079 or P = 1075), 


For inductive-capacitive circuits (Fig. 2) in which the discharge of 
the capacitance takes place on the breakdown of the sparkgap, the ex- 

plosion is determined by the amount of energy in the arc on the discharge 
of the capacitance [6]: 


(2) 


where Ure is the maximum possible voltage on the discharged capacitance 
which determines the amount of energy stored there. 


The level of ignition to a large extent depends on the arc quenching 
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properties of the electrodes. It has been established that the arc- 
extinguishing effect of the electrodes diminishes the further they are 
apart. Therefore, the level of ignition is lowered abruptly if the gap 
is increased [9]. They cease to have any quenching effect when 2 mm 
apart and the level of ignition is then a minimum (this is also its 
“absolute limit”, equal to 0,019 mJ for hydrogen-air and 0.28 mJ for 
methane-air),. 


Fig. 1. Inductive circuit. 
G —h.f. generator; FC - explosion chamber with a conven- 
tional spark-producing device. 


Fig. 2. Inductive-capacitive circuit. 
G -h.f. generator; EC - explosion chamber with a “make- 
break”-type spark-producing device. 


In accordance with equation (2) we have plotted experimenta] curves 
which take the actual conditions of arc formation into account and 
define the freedom from arcing of capacitive circuits, They represent 
the variation in maximum capacitor voltage with the magnitude of the 
capacitance. They are based on the results of tests in explosion 
chambers with the same probability of explosion [8]. 


These were the principles we followed in order to estimate the arcing 
capacity of discharges when opening a.c. circuits, 


Fig. 3 shows experimentally-determined curves for estimating the 
extent to which d.c, and a.c. inductive circuits are proof against arcing 
as a function of inductance (a) and frequency (b). The effect of 
generator sel f-inductance was eliminated by shunting the inductance of 


22 Elimination of arcing 


the input transformer by a “non-reactive resistance” (capacitive 
reactance) the magnitude of which we fixed by trial and error, The 
discharges were produced by parting a steel wire 0.2 mm in diameter from 
a stee] bar 0.8 mm in diameter, The probability of explosion was 

P= 1073. The d.c. supply voltage from an accumulator was 170 VY. The 
maximum voltage of the a.c, source was 177 V. 
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Pig. 3. Minimum ignition currents (P = 107°) in an induc- 
tive circuit. 


The test results show that arcing curre:t + ‘mcrease in inductive 
circuits with increases in supply frequency up to 20 kc/s. Compared 
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with direct current, this increase is four times greater in a,c. cir- 
cuits with a smal] inductance (<_ 0.5 mH) than in d.c. circuits, but it 
is barely noticeable in a,c. circuits if the inductance is greater than 
1 mH, In all cases under investigation (inductances from 0,1 to 10 mH) 
discharges were always more dangerous (i.e, explosions occurred at lower 
currents) when opening d.c. circuits than when opening high frequency 
a.c. circuits. The difference between d.c. and a.c, arcing currents 
become less and less as the inductance was increased from 0.5 to 10 mH, 


Fig. 4 shows the curves obtained to estimate the freedom from arcing 
of d.c. and a.c. inductive-capacitive circuits. The discharges were 
produced in a similar hydrogen-air medium by a sparking device which 
provided intermittent arcing (which is more dangerous in capacitive 
circuits) by the movement of a sharp steel wire 0.2 mm in diameter over 
the surface of a notched steel] plate. The probability of explosion was 
P=5x 1072, 


We used the following formula to determine the amplitude of the 
capacitance alternating voltage after opening (or before making) the 
circuit: 


1V2 
(3) 


where I is the effective current with open contacts, and w= 2 m/f the 
angular frequency. 


The maximum calculated surges on the capacitance were between 1.2 and 
1.5 Ue (1.35 Ucn on average) at different moments of time during the 
opening of the circuit. 


The tests showed that the degree of proof against arcing in inductive- 
capacitive circuits under the given arcing conditions depends entirely 
on the “steady state” voltage on the capacitance at the ignition limit 
for the various values of capacitance and it is this characteristic 
which we found at frequencies of 5 to 15 kc/s and inductance of 1 to 20 
mH under resonant and non-resonant conditions. The minimum ignition 
energy was roughly constant and equa] to 0,24 + 0,03 mJ (i.e. the aver- 
age deviation was only + 12 per cent) for circuit capacitance between 
0.01 and 1 F, inductance between 1 and 20 mH, maximum voltage on the 
capacitance between 22 and 253 V, trip current between 0.07 and 0,42 A 
and at frequencies between 5 and 15 kc/s. 


The minimum ignition energy was greater than the level of ignition. 
The explanation is the considerably flame-quenching effect of the con- 
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tacts, typical of ordinary conditions of interruption. Thus, in high 
frequency inductive-capacitive circuits the arcing capacity of the 
discharges in the range under investigation mainly depended on their 
energy. The arcing capacity was independent of frequency changes and 
circuit factors. 


Fig. 4. Minimum ignition energy and maximum capacitor 
voltages (P = 5x 10°?) as a function of capacitance at 
various frequencies and different values of circuit 
inductance: 
1 — amplitudinal values of the steady state voltages on 
the capacitance and the corresponding energies; 2 - 
maximum values of the overvoltages on the capacitance 
and the corresponding energies; 3 - ignition voltages 
on discharge of the capacitor [8]. A 15 kc/s, M10 
kce/s, @ 5 kc/s with resonance; 0 10 ke/s, © 5 ke/s 
without resonance. 


We will now consider the effect of frequency changes on the ignition 
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currents for various values of circuit capacitance and inductance. 


follows from equations 2 and 3 that the minimum ignition current (A 


= Anin) in an inductive-capacitive circuit is: 


nf C Amin: 


| 
f 
20 ke/s 


Fig. 5. The effective minimum ignition currents as 

measured in inductive-capacitive circuits before 

“opening” of the capacitance as a function of the 

current frequency at various values of the inductance 
and capacitance, 


The minimum ignition current is therefore greater, the higher the 
frequency and capacitance and it is independent of other circuit factors. 
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These circuit factors can be determined from the condition of the 
equility of the current in an inductive-capacitive circuit to the maxi- 
mum ignition current. Thus, for example, given the inductance, the 
explosion of the medium takes place if the resistance of the circuit 
does not exceed: 


RW 


where U is the effective voltage of the h.f. current source. 


The minimum ignition current in a circuit with a closed capacitance 
is: 


x 


Fig. 5 shows the ignition current as a function of frequency for 
various values of circuit inductance and capacitance. It can be seen 
that an increase in frequency up to 20 kc/s always entails an increase 
in Ihe within the given limits of inductance and capacitance. Large 
currents correspond to large capacitances and small inductances. 


In connexion with the constancy of the minimum ignition energy at 
different voltages, capacitances, inductances and frequencies, it is 
of interest to mention that a considerable part of the energy entering 
into the discharge when an inductive circuit is opened is energy which 
has been stored in the inductance. With increasing inductance this 
component of the energy approximates to the stated limit 0.24 mJ equal- 
ling 0.22 mJ for L = 10 wit at frequencies between 5 and 18 kc/s (P = 
= 107%), However, with decreasing inductance, the stated energy com- 
ponent drops abruptly and only amounts to about one tenth of the mini- 
mum ignition energy for an inductance of 0.5 oH under the same condi- 
tions. In this latter case the rest of the energy comes from the current 
source, As previously pointed out [5!, the energy component in question 
is greatly dependent on frequency. Hence the effect of frequency on the 
ignition current is most marked in circuits with small inductance. 


Conclusions 


1. This analysis of the phenomena of the discharges which occur when 
opening high frequency circuits has confirmed that the minimum ignition 
energy of these discharges is constant within the investigated limits, 


» 
arc = 
V R+ 
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A mathematica] expression has been derived for the arcing conditions in 
inductive-capacitive circuits. 


2. The calculations and test results show the effect of frequency on 
minimum ignition currents in inductive and inductive-capacitive circuits 
for various values of circuit inductance and capacitance, 


3. Our new experimenta] data concerning minimum ignition currents and 
voltages in inductive and inductive-capacitive high frequency circuits 
with and without resonance at various values of circuit inductance and 
capacitance can be used in the development to make a qualitative esti- 
mate of the extent to which electrical] circuits are proof against arcing 
at frequencies up to 20 kc/s. 


Translated by O.M. Slunn 
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A ZERO SEQUENCE POWER RELAY 
CURRENT POLARIZATION* 


V.i. GRINSH TEIN 
(GQieboksary) 


(Received 17 March 1960) 


This new relay is a two-way power relay, It is for use in systems of 
earth fault protection and also in those cases when there is no corres- 
ponding voltage transformer. The relay has two windings. One winding 
carries the zero sequence current of the equipment to be protected and 
the other winding the polarizing current which can be obtained from 
current transformers. The relay can also be used for transverse dif- 
ferential protection. 


Use is made of P7-type polarized relays as the “executive” devices 
in the relay in question. 


The circuit of the new relay is shown in Fig. 1. It operates on the 
following principle. 


The primary windings of the input transformers Tr 1 and Tr 2 are 
divided into two sections. The series and parallel] connexion of these 
sections is used to change the sensitivity of the relay. 


The secondary windings of the transformer are also sectionalized and 
connected in pairs so that the geometric sum of the two transformers is 
obtained at the output of one pair of secondary windings: 


E,+£,=U 


Elektrichestvo, 1, 81-82, 1960. 
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and their geometric difference at the output of the other pair: 
E,--E (2) 
The sum and difference of the voltages in question are fed to the 


windings of two interposing relay via rectifier bridges composed of 
junction-type germanium diodes, 


H 
.2 
961 i 
RP-7-1 RP-7-2 
" Fig. 1. Relay circuit. 


The windings of the interposing relays are in two parts (the one part 
. operating and the other restraining). The windings contain the same 
number of turns, The restraint winding of the first relay and the 
operating winding of the second relay are connected to voltage Uy and 
the operating winding of the first relay and the restraint winding of 
the second to the voltage Uy. 


The angle of maximum sensitivity @, . is O and 180° for the same 
primary currents in the transformers. When Puc =0 


£,—£,=0; (3) 
E,+ £,=U,=2E,. (4) 


Under these conditions maximum current flows in the operating winding of 
the first relay and in the restraint winding of the second relay, which 

od leads to the operation of the first interposing relay and the restraint 
of the second. 


VA 
G 


Zero sequence power relay 


The reverse takes place if ¢, . = 180°. 


If $= + 90°, then U, = U, and the operating and restraining moments 
of the relays are different ind the interposing relays do not function. 


Als, 
r 


— 


0 a 


(6) 


Fig. 2. I, as a function of /, at an angle Hn, 3 of 
maximum sonaitivite equal to 0° (a) and 180° (b). 


nd 


Fig. 3. Angular characteristics of the relay. 
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Zero sequence power relay 


This .method can therefore be used to make two-way power relays. 


The operating current of the relay in question is 0182 A and the 
Power consumption 4.5 volt-amps on each winding. The angle of maximum 
Sensitivity is sufficiently stable over a wide range of current varia- 


tion. 


/ 


4 A 
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Fig. 4. Time characteristics of the relay: 


1 — the time to close the normally open contact on an 


instantaneous increase in current; 2 — the time to 
open the normally open contacts on an instantaneous 
decrease in current from a given value to zero. 


Compared with existing induction-type power relays, this new relay 
has smaller dimensions, lower power consumption, greater sensitivity, 
faster operating speed and there are no rotating parts, 


Translated by O.M. Blunn 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEATRICUESTVO No.1, 1961 


Desieu Formulae 


Caleulations in cirenuits with elements of non-linear 
inertia. O.M. Begatyrev, (pp. 69-76). 

A study is made of circuits with one, two and three different 
non-linear inert elements under steady state sinusoidal conditions. 
An analytical method is developed in place of the graphica] method 
previously used, An example is given. 


Magnetism 


An appraisal of methods of calculating magnetic circuits 


with air gaps for instruments and apparatus. 
Z.T. Tikiomirova, (pp. 42-48). 


A comparative critical analysis is made of four Soviet methods 
of designing the magnetic circuits of electrical apparatus on the 
isis of experimentally ~<letermined data. The Sotskov graphical - 
analytical method is the simplest but it is only suitable for pre- 
liminary calculations, Numerical] integration, graphical integration 
and the “isocline” method are considered. (An isocline is defined 
as the locus of points at which the tangents to the integral curves 


have the same slope). 

Measuring losses in ferro-magnetic materials magnetized 
simultaneously by fields of different frequencies. 

N.M. Rudnyi, et al., (pp. 48-51). 


An original wethod is proposed for measuring losses for the most 
general case of combined magnetization when the frequencies of the 
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individual field components are “non-multiple” and none are zero, 
ine wattmeter measuring device is described with particular refer- 
ence to a special] phase-shifting voltmeter, The error is + 5 per 
cent. 


Power systems 


The efficiency of inter-system transmission lines for 
supplying a local distributed load. Lo Bai-chan, 
(pp. 1-8). 


Power systems have been developed in the U.S.S.R. and China on a 
regional basis owing to the vastness of these countries, The author 
considers the optimum conditions for inter-system links with or 
without uniform load distribution throughout the various regions. 


The design of reinforced-aluminium conductors for trans- 
961 mission lines. 0.G. Veksel’man, (pp. 9-15). 


After reviewing Western experience with reinforced aluminium 
conductors, the author states the case for reducing the unneces- 
sarily high safety factor on similar Russian constructions. The 
value of dampers is stressed. 


Relays and Protection 


Special features of relay protection on lines supplying 
traction substations. D.I. Veprik et al., (pp. 15-22). 


The proposal to electrify about 20 thousand km of railway lines 
on single phase a.c. at 50 c/s under the current 7-year plan re- 
quires that the supply conditions of the substations should be 
arranged to meet the needs of relay protection and automatic equip- 
ment. Transverse differential directional protection, three-stage 
directional zero sequence current protection, automatic reclosure 
and ‘reserve disconnexion’ systems are considered. 


Rotating Machines 


The parameters, steady state characteristics and stability 


of synchronous generators with electronic self-excitation. 


| 


Abstracts 


V.F. Chesachenko, (pp. 22-29). 
A study is made of the static and dynamic stability of an un- 
saturated synchronous non-salient pole generator supplying infinite 
bus-bars through a reactance. The author studies the adjustment of 
the anode-grid regulation, the nominal] firing angle and the trans- 
formation ratio of the anode transformer, 


The motor drive of the winches for the fore cables of a 
B.Sh. Burgin, (pp. 30-34). 


An analysis is made of cable forces and speeds in a new dc, 
for which definite advantages are claimed 


dredge. 


motor -generator system 
variable speed motors. 


over a.Ce 


The design of current regulators for the electronic exci- 
N.P. Kunitskii, 


tation systems of rolling mill motors. 


(pp. 34-39), 


A method is proposed for calculating the current winding unit in 

a system of ionic excitation for reversible rolling mill motors 

developed in the U.S.S.R. The current winding is connected via a 
roportional to the difference between the 


and compole windings and a refer- 


rectifier to a voltage 
voltage drop in the compensatio: 


ence voltage. 


Automation of the motor drive for a continuous reduction 


tube-rolling mill. S.S. Reoizen et al., (pp. 82-85). 


20 -stand 


Excessive heating of the motors occurred on a Russian 


motors were overloaded and other 
lecided to provide al] 


tube rolling mill. Some of the 


passed into generator conditions. It was 
the motors with regulators to maintain their speed constant to 
is given of how this problem was 


tacho-generator as the 


within 0.5 per cent. An account 
e frequency of 


@eCe 
converter, 


ul 


tackled by using 
speed reference together with a special 


Switchgear 


Determining the power factor of a test circuit by means 
(pp. 66-69). 


of a wattmeter vibrator. I.B. Bolotin, 


called a “wattmeter vibrator” has been 


| 


power factor of circuits for testing the 


levice 


A new improved 


leveloped to measure the 


19% 
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rupturing capacity of switchgear. 


Transformers 


Current transformers with an air gap in their steel core. 


I.M. Sirota, (pp. 56-61). 


Large mm.f. arise in current transformers used in relay protec- 
tion under certain conditions. Residual magnetization has been 
eliminated by making the magnetic circuits of the transformers with 
a small gap. A study is made of the relationships governing the 
size of this gap. A gap equal to Eaoth of the centre magnetic limb 
is recommended for one type of steel. 


Transients in current transformers. E.M. Pevzner, (pp. 


61-66). 


Since relay protection operates while the current transformer is 
still under transient conditions, the author proposes a new prac- 
tica] method of calculating the transient performance of the trans- 
former. This can be estimated to within 15 to 20 per cent. Resi- 
dual induction and a number of other factors is taken into account. 
The peak magnetization current can be fixed in time. 


THE RE-SYNCHRONIZATION OF THE GENERATOR BY 
THE TURBINE SPEED-GOVERNOR* 


CHESNOV 
Power Institute of the Academy of Sciences U.S.S.R. 


(Received 12 November 1960) 


When the dynamic stability of a generator in a large power system is 
disturbed, it is possible for it to brought back into step without the 
interference of the service personnel [1]. Research at the Moscow 
Power Institute*® on a dynamic simulator has shown that the motion of 
the generator rotor under transient out-of-step conditions is mainly 
determined by the speed-governor of the turbine. It is therefore of 
interest to study how the turbine speed-governor affects re-synchroni- 


zation. 


It is wel] known that the passage of the instantaneous slip through 
zero is a necessary condition for the re-synchronization of a generator. 
This condition can be represented in the form [2]: 


(slain 


The variation in average slip with time «,,(t) under asynchronous 
conditions can be defined by the joint solution of the linear equations 
of the individual parts of the speed governor [3] and the linearized 
equation of motion of the rotor. The periodic components of the elec- 
tromagnetic moment of the generator can be ignored since they have 


*Blektrichestvo, 2, 24-28, 1961. 
°*The research was undertaken by the author jointly with Iu.™. Gorskii. 
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practically no effect on turbine torque owing to the inertia of the 
speed contro] system (this is particularly the case with hydro-electric 
turbines) [2, 5]. The equation of motion of the rotor can be linearized 
by representing the asynchronous torque curve as a series of short 
Straight lines. Ignoring the impedance of the supply, the equation of 
rotor motion simplifies to 


(2) 


where a, + h Sey is the equation of the n-th section of the piecewise- 


linear asynchronous torque curve of the generator. 


Omitting the intermediate calculations, the differential equations 
with respect to 9 ay in their final form are: 


(a) Throttle partly open ( 7|< 1) 


Sav + (77,4, +5(T, 


dt 


nu dt 


M 
t.nom ] a,). 


ik, + 
+| By | av 


Throttle completely open 1} 


ds x 
av 


zx! s 


(c) For control gear of turbine completely “off”: 


be 
at ‘av 


Unlike the previous case [2]*, the flexible feedback of the speed 
regulator now has to be included in forming these equations. However, 
equations (4) and (5) are independent of the type of speed regulator. 
They are identical to the corresponding equations used in the previous 


paper [2]. 


* The article referred to hes already been translated and appears in Electric 
Technology U.S.S.R. vol. 6, 1960. The speed regulator then had rigid feedback. 
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We can find the average slip as a function of time by differentiating 


On passing from the (n-1)-th straight section of 
the tangent of the 


equations (3) to (5). 
the asynchronous torque curve to the n-th section, 
angle of inclination &, of this section to the X-axis can differ from 
k both in magnitude and in sig. The coefficients which depend on 


n-1 
k, in the foregoing differential equations and the roots of the charac- 
Consequently, 


teristic equations can also very in magnitude and sign. 
the solutions of equations (3) to (5) Can change on moving from one 
linear section of the asynchronous torque curve to another. 


We wil] now consider the most typical case when all the coefficients 
in (3) are positive and the general solution of (3) is: 


S._(f) Ae (Bsin yt+-C cosy) Saw ats (6) 


is the particular solution of equation (3), numerically 
equa] to the slip at the point where the static charac- 
teristic of the speed regulator intersects that of the 


where Sav.st 


asynchronous generator torque, 


2) “avo ‘av. st!) 


(2? 7) + Sav, 


B ) 
(a* 22 (2,— 2) 


A SavO av. st" 


The variation in turbine torque with time can be found by equations 


(2) and (6): 


. 


M, (4) = Sle (C, cos {t — B, sin yt) — a,Ae ali 


| > 
“+ a, k nays 
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B,=aB+ 


C,= 1B 

It follows from (6) and (7) that the free components of the slip 
Say(t) are damped during the passage of time and, consequently, the 
turbine torque ¥,/t) is in this case also damped. But it should be 
borne in mind that even if only one of the roots of the characteristic 
equation is positive on certain of the linear sections of the asynchro- 
nous torque curve, then these components have a tendency to increase 
indefinitely with time. Physically, this implies that the excess torque 
affecting the rotor is still further increased when the slip changes 
through the transient torque section in question. 


Under transient asynchronous conditions, especially when the slip is 
considerable, part of the speed control process takes place when the 
governor valves are completely open and it is then represented by 
equation 4. The general solution of this equation is: 


(t) = De?’ + Nt+L, 
where Py is the root of the characteristic equation; 
1,)— IM 


I nl (Me nl t.nom . 
Me 
Me nom 


D= 


av.c.0.V 
In this case the change in the turbine torque can be found from 


equations (2) and (8): 


MW - J (p,DeP* N) +a, Say: (9) 


If the turbine contro] gear is completely “off” for a certain period 
of time under transient conditions, the motion of the rotor is then 
determined by equation (5) of this section. Its general solution can be 
written in the form: 


Say(t) = Ge” +-E, (10) 


where p, is the root of the characteristic equation; 
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G=s E. 


av.t.g.c 


In analysing the transient process, the extent to which the throttle 
is open a can be found from the equations of the various components of 


the speed regulator [3,4]. 


The effect of the speed regulator on the process of re-synchronization 
can be traced by analysing the dynamic characteristics of the speed 
regulator “.* f(say)- These give a complete picture of the generating 
set under transient conditions. Such curves are easy to plot if the 
functions Say(t) and are known. 


1-B=5end7T, =8 sec; 2-3=5 and 7; =3 

sec; 3-B=0 and T, =8 sec; i = 2.35; 

= 0.85; J = 15.1 sec; 1’ experimental 
curve; 1 - corresponding calculated curve. 


Figs. 1 and 2 show M#, as a function of Say a8 well as the static 
characteristics (c, c’ and ce”) of the speed regulator and the asyn- 
chronous torque curves (a, a’ and a” ) of the generator. These are 
assumed to be linear for the sake of simplicity. This is a justi- 
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assumption since the asynchronous torque curve is usually a maximum when 
the slip is very small and the section of the curve lying to the left of 
this maximum can be ignored, 


Out-of-step operation thus takes place on the section of the asyn- 
chronous torque curve lying to the right of the maximum. This section 
can usually be linearized over a considerable range of slip values for 
turbo and hydro-electric generators having damper windings. However, 
this is not a necessary simplification, and it is only made so as to 
reduce the amount of calculation, 


=0.5and §., = 0.05; 2-¥,. . 
= 0.46 -s,, and = 0.05; 4 
and =0.08; T, =7sec; = ; B = 


Hy.) = 0.75 and J = 12.5 sec. 


as.av 


It will be seen from Figs. 1 and 2 that the rotor shaft is affected 
under out-of-step conditions by an excess torque Mes =m, - Mee ay 
which accelerates the rotor. Owing to its inherent inertia, the speed 
regulator cannot react to the increased slip instantaneously and there- 
fore the turbine torque M, will not vary along the static characteris- 
tic of the speed regulator, but along its dynamic characteristic M, = 
f (8,y)- The acceleration of the rotor will persist so long as Moy <0. 


The average slip is a maximum when the torques on the rotor shaft 
are in equilibrium (#,, ® 0) and then deceleration of the rotor com- 
mences since the excess torque has become negative. The rotor will be 
retarded as long as Mos <0, The average slip is a minimum during this 
decceleration when the torques on the rotor shaft are in equilibrium 


av 
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again and if there is a corresponding adjustment of the speed regulator, 
a positive excess moment can re-appear which re-accelerates the rotor 
again and so forth (see curve 3 in Fig. 1). 


The maximum and minimum average values of the slip always correspond 
under transient asynchronous conditions to the points at which the ”, = 
=f (#,y) curve intersects the asynchronous torque curve where the 

excess moment affecting the rotor changes sign. 


It will be seen from Figs. 1 and 2 that in the course of time the 
Meaf (s,,) curves approach the point where the static characteristics 

of the speed regulator intersect the asynchronous torque curves. This 

point corresponds to the steady asynchronous state of the generator. The * 
shape of the weaf (s,,) Curves as they approach this point mainly 

depends on the characteristics of the turbine speed regulator, 


Re-synchronization of the generator under asynchronous conditions is 
only possible if condition 1 is satisfied, Otherwise the generator will 
remain out-of-step unless external conditions alter. 


Fig. 1 illustrates the effect of the value of the time constant T; of 
the isodrome* and the value of the feedback coefficient B on the opera- 
tion of tne generator during asynchronous conditions, The experimental 
curve 1’ corresponding to the calculated curve 1 was obtained from an 
oscillogram taken on a dynamic simulator at the Moscow Power Institute*®, 
Comparison of these two curves shows that there is satisfactory agree- 
ment with the dynamic characteristic of the turbine speed regulator. 


An analysis of the M, sf (8,y) curves in Fig. 1 shows that their 
shape on approaching the point where the static characteristics of the 
speed regulator and the asynchronous torque curves intersect is very 

much dependent on the value of 7, and 8. Thus, curves 2 and 3 make a 
considerable detour to the left before approaching this point, whereas 
curve 1 approaches it more or less smoothly from the right. If T; and 
B are increased, the maximum and minimum mean slip values during out- 
of step conditions also increase and consequently condition 1 is not 

necessarily fulfilled at certain of these values, i.e. re-synchroniza- 
tion of the generator is impossible (see curve 1 for example). 


Lines a-n have been drawn parallel to the Y-axis in Figs. 1 and 2 at 


a point te=Y “8 along the X-axis (see condition 1). If, in 


* Isodrome - a hyperbolical position - determining system or curve, (Translator). 
ee A hydro-electric generator with a damper winding was simulated, 
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calculating the mean slip, the M, =f (s,,) curve is tangential to this 
line or intersects it at a certain instant (Fig. 1 curves 2 and 3 point 
n* and vn”), then condition 1 is fulfilled and from this moment on, over- 
Swings of the rotor set in after successful re-synchronization which 
gradually face away under the influence of damping factors so that the 
set returns to its original] state provided the electrical system is 
Still the same. After the overswings of the rotor have started, the 
mean slip is zero and therefore part of the = f(s,y) curve lying 
beyond the point where it intersects the n-n line (marked by a dotted 
line in the diagrams) can only be found mathematically on the assumption 
that condition 1 is not ful filled, 


It will be seen from Fig. 1 that condition 1 is not fulfilled if 
T; = 8 sec and B = 5, (curve 1) and consequent)y re-synchronization of 
the generator 1» impossible. If T; = 3 sec or 8=0 (curves 2 and 3), 
condition 1 is then fulfilled and re-synchronization is therefore pos- 
sible, 


961 Fig. 2 shows curves 1 and 3 for various degrees of statism bot of 
the speed regulator (“statism” is defined as the percentage deviation 
of the controlled quantity at rated load from its Value on open circuit, 
Translator), It can be seen from these curves that an increase in 
statism leads to a deterioration in the conditions for re-synchroniza- 
tion since the maximum mean slip is increased during transient asyn- 
chronous conditions and this can generally result tn condition 1 not 
being fulfilled, Therefore, the less the statism, the more favourable 
the conditions for re-synchronization, Curves 1 and 3 in Fig. 2 do not 
intersect the n-n line and consequently condition 1 is not fulfilled, 
i,e. re-synchronization is impossible. 


However, this diagram also illustrates the effect of asynchronous 
generator torque on the course of asynchronous operation. For simpli- 
city, we confine ourselves to two straight line characteristics «’ and 
o” at different angles to the X-axis but having a common point of 
intersection with the static characteristic of the speed regulator. We 
can therefore trace the effect of the slope (steepness) of the asyn- 
chronous torque curve on the dynamic characteristic of the speed regu- 
lator. We can always approximate the real asynchronous torque charac- 
teristic by several linear sections if it is not a straight line and 
include its effect on the motion of the rotor in this way. 


It can be seen from curves 1 and 2 in Fig. 2 that the conditions for 
re-synchronization of the generator are improved by steeper asynchronous 
torque curves since the minimum mean slip is then reduced, Thus, for 
example, curve 2 which corresponds to a steeper asynchronous torque 
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characteristic than curve 1, intersects the n-n line, whereas curve 1 
does not even touch it. Re-synchronization is therefore possible in the 
first case, but impossible in the second, since condition 1 is only ful- 
filled in the former. 


It is necessary to consider the effect of the valve limiter on the 
possibility of re-synchronization, The valve limiter determines the 
maximum load on the turbine for any position of the static characteris- 
tic of the speed regulator. 


The speed regulator does not alter the turbine torque within the zone 
6-6’ (Pig. 2) where the valve limiter is effective, and the slip remains 
less than the value at point 6’. This shifts the dynamic characteristic 
of the speed regulator to the right, in which case conditions are 
naturally less favourable for re-synchronization since the minimum mean 
slip value increases by an amount approximately defined by the zone 
within which the valve-limiter is effective and condition 1 may not be 
fulfilled as a result. 


Finally, without graphically illustrating the point, it can be shown 
that an increase in the time constant 7, of the servo motor, or a de- 
crease in the mechanical] time constant J of the machine, can reduce the 
maximum mean slip under asynchronous transient conditions, and that 
this favours conditions for re-synchronization of the generator. 


If operating conditions are such that re-synchronization cannot be 
ensured by appropriate design of the speed regulator, special measures 
have to be taken [3, 5]. 


Symbols*® 
Mio amplitude of the synchronous generator torque; 
Mes av 
ace and rated and initia] turbine torque; 
turbine torque; 
.° braking (restraint) torque of turbine with fully closed 
F turbine control gear; 
- turbine torque at the moment when the throttle is com- 
pletely open; 


- average asynchronous torque of the generator; 


Me c. o. v. 


* angles and time are expressed in electrical radians and other quantities in 
relative units. 
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average slip (positive if the speed of the rotor is 
above its synchronous speed); 


- average slip at the moment when the throttle is com- 
pletely open; 

— average slip at the moment when the turbine control 

gear is fully closed; 

the angle between the generalized vector of the stator 

voltage and the transverse axis of the rotor; 


"av. c.g.c. 


- opening of the turbine control] gear on no load; 


pal 
g -— extent to which the throttle is open; 
B feedback coefficient; 
i - the ratio of the extent of the non-uniformity of the 
pendulum which is left, to that still to be used; 

Sgt ~ “Statism” of the turbine speed regulator (“statism” 
is defined as the percentage deviation of the control- 
led quantity at rated load from its value on no load, 
Translator); 

4 = the non-uniformity of the pendulum to be used; 

.. — time constant of the servo motor; 

T; — time constant of the “isodrome” (hyperbolical position 
- determining system or curve, Translator); 

J — mechanical time constant of the machine; 

t — time, 


Translated by V, Alford 
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A CONTINUOUS CONTROL SYSTEM FOR TUE 
MAIN DRIVE OF A REVERSIBLE ROLLING MILL* 


V.1. ARKHANGEL’ 


TsPKB Glavproektmontazhavtomatika 


(Received 1 August 1960) 


Contactless contro] systems have had to be designed in order to 
create optimum transient conditions in the main drives of reversible 
rolling mills and to improve their reliability. 


Several types of contactless control system have been developed at 
the TsKP# for M.A.R. and amplidyne-type generator-motor drives [1,2]. 


In this paper a study is made of a new contro] system for the main 
drive of a reversible blooming mill (Pigs. 1 and 4) which is now in use 
at a Soviet iron and steel works**, 


Control of the armature current of the 
motor under regenerative braking conditions 


When controlling the roll motor up to fundamental speed, i.e, no 
weakening of the excitation field, the armature current is low during 
braking and reversing and no specia] measures are therefore necessary to 
limit it. Automatic devices are only needed for limiting the armature 
current when reversing and oraking the motor at higher speeds when the 
field has been weakened, 


© Elektrichestvo, 2, 33-39, 1961. 
**° 4.A. Pivovarov, T.Ta. Vashchenko, G.M. Maliutin and V.A. Lebedev took part 
in the development and tests of the system proposed ty the author. 
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The explanation is that two processes take place when the command to 
Slow down is received, namely, strengthening of the motor field and re- 
duction in the generator voltage, These two processes acting simul- 
taneously cause an abrupt change in the transient current in the arma- 
ture of the motor, The regeneration current is usually limited by 
delaying the reduction in the generator voltage until the motor field 
has been strengthened, 


These two processes arc kept separate in relay-contactor controi 
systems by degenerative (negative) feedback of the armature current at 
the input to the dynamoelectric amplifier (amplidyne) used for the ex- 
citation of the generators [3,4], This was the principle used in the 
continuous systems described in previous works [1, 2). 


The disadvantage of using a current regulator to separate these two 
processes is the notable delay in its operation owing to the consider- 
able magnetic inertia of the voltage contro] system of the generators, 
The command-signal to slow down cannot be blocked at the input to the 
amplidyne of the generators and the first change in the regeneration 
current is relatively large, 


The second real disadvantage of regenerative current regulators is as 
a rule the oscillations which occur in the motor armature current. 


In the circuit in Pig, 1, a saturable reactor (choke) SR is connec- 
ted in the a,c, circuit feeding the push-pul] magnetic amplifier 14G for 
the excitation of the generators, If the field of the roll motor is 
weak, the reactor (choke) reduces the possible forcing of the generator 
amplidyne several times over so that during regenerative braking the 
reduction in motor speed from maximum to fundamental speed is almost 
exclusively due to field strengthening. The generator voltage remains 
practically constant, In this way the armature current can be strictly 


controlled, 


When the field has been strengthened, the reactor restores a high 
desree of forcing which controls the voltage of the generators and 
ensures the required reversing speed at speeds up to the fundamental 


speed, 


Tre steady state voltage of the generator is unaffected by the mag- 
netization of the reactor (whether saturated or not), 


Use is made of the following windings to control the reactor SR 
(Fie. ib): 
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Fig. 1. a - continuous control system for the main drive of a reversible 

rolling mill; 6 - arrangement of the reactor windings; c - circuit of 

the continuous controller; d - characteristic of the amplifier AG; e - 

reactor characteristic; f - characteristic of the amplifier 2 ART; ¢ - 

characteristic of the amplifier 1AM; Ah - characteristics of the contact- 
less relays RPV and APN, 
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1, A series degenerative (negative) feedback winding DFW for the load 
current of the reactor. This winding is connected via a ful] -wave 
rectifier; 


2. bias winding AW; 


3. control winding CW which is connected to the excitation current 
transformer DCT. Its mm.f. is proportional to the motor excitation 


current. 


The characteristic of the reactor is shown in Fig. 2. 


The reactor is fully saturated at the rated excitation current of 
the motor so that the magnetic amplifier AG receives the maximum alter- 
nating voltage. Conversely, the rezctor is not saturated when the field 
of the motor has been fully weakened and the alternating voltage supp- 

lied to the amplifier AG is much lower, 


Curve 1 for the amplifier AG in Fig. 3 refers to the total motor flux 
and curve 2 to the weakened flux, 


a 


=¢ = 4 


Fig. 2. Characteristic of the reactor SA. 
Fein) and Fey) - mm.f.’s of the reactor propor- 
tional to the excitation current of the roll 
motor for nominal and weakened motor fields; 
F, - bias f. 


On acceleration of the motor to a higher speed than the fundamental 
speed, there is no restriction on the excitation by the reactor SR 
during the increase in generator voltage up to 80 to 85 per cent of 
rated forcing, When the field of the motor begins to weaken, there is 
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a gradual] de-saturation of the reactor and the forcing of the excitation 
of the generator is restricted, However, this is a normal transient 

condition, The degree of saturation of the reactor has no effect on any 
further acceleration owing to the weakening of the motor field, 


The command-controller CC (“‘sequence” control) issues two simul tane- 
ous commands when the motor begins to slow down from maximum speed, One 
is to strengthen the motor field and the other to reduce the voltage of 
the generators. The strengthening of the field takes place at once, but 
the reduction in the voltage of the generators is a gradual process 
Since the amplifier AG is operating on curve 2 in Fig. 3 which excludes 

’ forced excitation of the generator, There is therefore only a slight 
change in the armature current, After the field of the motor has in- 
creased to 70-80 per cent of its rated value, the amplifier AG begins to 
operate on curve 1 in Fig. 3 and forcing of the generator excitation ‘s 

restored, 


‘ 


--12 


7 


Fig. 3. Test curve for reactor-amplifier (1AC) unit. 
1 - reactor saturated; 2 —- reactor not saturated. 


We will now consider the relationship between the degree of reduction 
in the rate of variation of the generator voltage and the magnitude of 
the master mm.f. of the amplifier 2Ac. 


As an approximation, suppose that the magnetization curves of the 
exciter £G, generator G and amplidyne DEA are linear and that the elec- 
tromagnetic time constant of the amplidyne is constant. We then get 


(Fig. 4): 
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eg = eg’ (2) 


oh (3) 


vegies (l+ (4) 


eri, + T Pdi (5) 


Fy F -F (6) 


= 
mas.g me 


where Uae Veg and Us are the voltages of the amplidyne DEA, the exciter 
EG and the generator 
coefficients defined from the linear sections of 


the magnetization characteristics; 


the resultant mmf. of the generator amplidyne; 
excitation current of the exciter &CG and the 
generator G; 
the resistance of the excitation circuits of the 


exciter FG and generator G including the “addi- 
tional” resistances; 


electromagnetic time constants of the excitation 
circuits of the exciter and generator; 
the mmf. of the flexible negative (degenerative) 
feedback created by the winding CG of the ampli- 

dyne. 


The joint solutions of equations (1) to (6) gives: 


U, — Pde 


TR (7) 


The current in the circuit of the winding ¥¢ is approximately propor- 
tiona] to the derivative of the voltage of the exciter £G. We can put: 


is the feedback coefficient of the winding WG which is connec- 


where 
ted to the statica]ly-balanced dynamic bridge. 


19¢ 
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By virtue of 8, the resulting mm.f. of the amplidyne is 


még 

Fag * r (1 + T,p) Ue 


The joint solution of equations 6(a) and (7) gives: 


U, (1+ T (1+ = hy 


o . 
r 
eee 


kok ok 

ag eg mg 

r Tee Tae’ 
g 


and Tog. 09 is the equivalent time constant of the generator exciter 
consisting of the natural time constant a and the component 
Tag’ (The subscript mg presumably refers fo the “G winding. 
Translator), 


The solution of equation (9) is 


U, = + ky, 


and Ay and A» are integration constants, 


At the start of reversing t = 0, we have: 
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where Fone is the reduced value of the mmf. of the master windings of 
the amplidyne on account of the reactor SA (Fig. 3); 


Uns - the steady state voltage of the generator CG. 


We can define the integration constants in equation (11) from (13). 
We get: 


U__ ok 
Ue _ a,c" 2,e") —k F (14) 


a,— a, av 


Suppose we put 


F 


av 
Sas Foe and U er ar’ 


We can then re-write equation (14) in relative units 


a,f 
ug = — 4,e 


| — —z a,e™)), (14a) 


is the degree of forcing of the generator excitation reduced as 
a result of the reactor SR; 
F__ = the mmf. of the amplidyne under rated excitation of the 
generator; 
the rated voltage of the generator (it is presupposed that 
the steady state voltage of the generator Use is equal] to - 
the rated value prior to reversing). 


The radicand in (12) is often negative for large drives, In this 
case we can write: 


jy, (15) 


and the solution of equation (11) is 
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(cos sin t)— 


(cos yt+ sin it) | 


Both equations (16) and (14a) consist of two terms, The first is 
solely defined by the characteristics of the excitation control system 
of the generator, The second describes the rate of change in the gener- 
ator voltage due to the reduced mm. f. - of the amplidyne, The value 
of the second term is directly proportional to f the forcing of the 
excitation, 


Since the rate of change in the generator voltage is defined by the 
first derivative of this quantity, we can write for equations (l4a) and 
(16): 


(a) non-periodic transient processes 


ag— 2, 
(b) periodic processes: 


du; a? anti 
+ he) sin yt. (18) 


The circuit in Fig. 4, in respect of which the relations have between 
considered which define the rate of change in the generator boltage as a 
function of the degree of amplidyne forcing of the excitation f,,, dif- 
fers from the voltage regulator as in Fig, 1 in that the winding mG of 
the amplifier 2AG is connected to the stabilizing transformer ITS. On 
test both regulators (given the right flexible feedback coefficient Fag) 
produced practically identical results, The two types are therefore 
equally good, 


For the regulator with the stabilizing transformer, oscillations 
occur in the system if the circuit is opened, whilst positive (regener- 
ative) feedback may arise at the input to the amplidyne if the circuit 
with the dynamic bridge is opened, The latter can give rise to an 
excessive increase in the generator voltage, 


For a 500 h.p. reversing motor (750 V 50/100 rev/min) for a rail and 
structural mill with a continuous control system, we have: (a) ampli- 
fication factor hoe = 6,0; hee = 45; k. = 8; kag = 0,3; Req = 87; 
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(b) time constants 0.5 sec; 1.1 sec; = 3.1 sec; 


(c) resistances reg = 31 ohm; re = 0.8 ohm, 


| 


Fig. 4. Control system for the generator voltage. 


The transient variation in the generator voltage on reversing is 
described by equation (16), Substituting numerical] values for the 
coefficients, we get: 


u, =e (cos 0,17¢ 4-3 sin 0,177) — 
(16a) 
— f, —e~ "(cos 0,17¢ +3 sin 0,17#)]. 


Equation (18) for the first derivative of the generator voltage takes 
the form: 


sin O,1/¢. (18a) 


The master mmf, of the amplidyne durin, ‘] excitation forcing 


when the reactor is saturated equals £ nas = 15; when the reactor is 
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unsaturated, it is reduced to San * 3. 


The magnetizing force (control power) of the amplidyne at the steady 
rated generator voltage equals F. nee = 9,0 VA, 

Substituting these figures in (18a), we can determine the extent of 
the decrease in the rate of change of the generator voltage at high 
motor speeds at the start of reversing due to the reactor SR. The 
de gree hy of the decrease in forcing is 


and the degree ky of the reduction in the value of the derivative accor- 
ding to (18a) equals 


l+fan 16 
Fig. 5 shows the magnetization curve of the amplidyne., This illus- 
trates the effect of reducing the forcing of the generator excitations 
when the master m.m,f, of the amplidyne falls, It will also be seen 
from Fig. 5 that our conclusions cannot be significantly affected by ig- 
noring the saturation of the magnetic circuits, 


6 
400 


0a 


Fig. 5. The resulting characteristic 1AG-2AG. 
and Fayn, max -m.m.f.’s of the master 

and dynamic windings of the amplifier 2AG with 
the reactor saturated; Tr. 0 and Fayn.o - the 


same, but with the reactor unsaturated. 
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Two mm.f,’s are active at the input to the amplidyne, namely, the 
master mm, f,. F, and the “dynamic” mm, f, Fayn which is subtracted from 
F.. Since the difference between these two mmf. is much less than 
either component, if follows that the degree of reduction in F n cannot 
be very much different from the degree of reduction in Fi. The magni- 
tude of F n which is proportional to the rate of increase in the vol- 
tage of the exciter EG, defines the forcing of the generator excitation. 


Incidentally, the equivalent time constant of the excitation 


of the generator exciter is six times greater than the electromagnetic 
time constant of the exciter excitation circuit (T.. = 0.5 sec and 


Teg.eq = 3.1 sec). 


16 


a4 16 ‘sec 


Fig. 6. Curves for the transient phenomena which 
take place on reversing a 5000 h.p. motor of 750V, 
5400A, 50/100 rev/min and i. = 340 A 


1 — contact control system; 2 — continuous con- 

trol system; 3 - calculated curve for the voltage 

in the continuous control system; U, - generator 
voltage; Fe armature current of motor. 


According to expression (10), the magnitude of Pats oe with 
increasing flexible feedback of the amplidyne. Its “maf. n is 
defined by the coefficient k, .. Consequently, it is not tt, wise to 
try and reduce the electronagnetic time constant _s - of the exciter to 
a very smal] quantity. The second term To in expression (10) can 


easily be adjusted, whereas this is not the case with Teg The system 
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can thus be adjusted to the desired dynamic conditions. 


Fig. 6 illustrates the advantage of a regulator for the regenerative 
current of the motor in which the parametric principle is used without 
direct control over the armature current. For purposes of comparison, 
curves are given for the armature current and generator voltage when the 
motor is slowed down whilst reversing under contactor and contactless 
control, All the curves have been plotted from oscillograms of the 
transient phenomena taking place in a 5000 h.p. motor on no load, Con- 
Siderable changes occur with a regenerative current regulator which lead 
to sparking on the motor and generator commutators, mechanical shocks in 
the rolling mill, a reduction in the mean torque of the motor and so on, 


2 ‘sec 


Psrev/min 


Smserev/min 14-5 


‘sec 
"0A 


JIS A 


Fig. 7. Oscillograms of the transient phenomena 

on accelerating, reversing and braking an unloaded 

motor (a, 6) and oscillograms of the rolling 

cycles (c, d). a and c — contact control systems; 
b and d — continuous control systems. 


The oscillograms in Fig. 7(a) and (b) show the transient conditions 
during acceleration, reversing and braking of the motor (when the shaft 
is unloaded). The changeover to contactless control considerably 
shortens transient conditions, The rolling cycle of one billet was 
accordingly reduced by 10 to 12 per cent on average, 
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Control of the motor excitation current 


Optimum conditions for dynamic control of the motor field can be 
created by a specia] arrangement of the contro] windings in the magnetic 
amplifier 14# and the amplidyne 2A”. The amplidyne 2AM uses a master 
winding ¥##, a contro] winding C¥#, a current winding A®¥ and a stabi- 
lization winding S#¥ (Fig. 1a). 


The master winding #¥¥D is connected to the d.c. 220V network via a 
resistor ry and part of the load current of the amplifier 14# also flows 
through it. A reference voltage is produced across the resistors rs and 
rg: These are a part of the load of the amplifier law, The reference 
voltage is produced at the input to the amplifier 14# by the command- 
controller. The master mmf. created by the ##¥ winding depends on the 
extent to which the field is weakened: it is smaller when the field is 
weak than when excitation is complete. 


The branches ab and bc are intended to create optimum dynamic con- 
ditions for the drive. Under steady state conditions no current is 
carried in them since u, <u, and u, <4. The current in the circuit 
of the control winding C®# depends solely on the difference between the 
voltage drops across the resistors r, and rere: The diode 1D only 
allows current to flow in the CW winding if U.q > Uns ré° The voltage 


drop Ua is proportional to the excitation current of the motor, The 
d.c. transformer DCT is connected in the excitation circuit of the 


motor, 


The reference voltage produced by the amplifier 14 determines the 
magnitude of the excitation current of the motor. The master winding of 
this amplifier is supplied via a rectifier from the selsyn command- 
controller. The mmf, of this winding is proportional to the angle of 
deflection of the selsyn. 


The contro] windings of the amplifier 14 are connected in the 
branches a6 and 6c in order to create dynamic conditions, i.e. the 
winding F¥® restricts the forcing when the field is weakened and the 
winding AP® limits the initial forcing when the field of the motor is 
strengthened. 


At the start of the field weakening the voltage drop across the 
resistors rar is sharply reduced and the potential at point ¢« becomes 
less than that at point 6; a current is then produced in the FWW wind- 
ing and the positive mmf, of this winding slightly increases the out- 
put voltage of 14M. This reduces the change in mmf. of the differen- 
tial winding Cw and limits the reduction in the mm.f, of the MAM 
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winding of the amplifier 2AM. The voltage drop across the resistor rn 
becomes less with decreasing motor excitation current and the current in 
the FWW winding disappears. 


Under strong field conditions there is first a sudden increase in the 
voltage drop across the resistor r, and a current arises in the APW 
winding of the amplifier 1AM. The negative mmf. of this winding lim- 
its the increase in the output voltage of the amplifier 14m and this in 
its turn limits the increase in the master m.m.f. (MWM winding) of the 
amplifier 2AM. Then the effect of the be circuit is weakened and the 
field forcing increases with increasing motor excitation current. 


In order to separate the states of contro] over the voltage of the 
generators and the field of the motor, the amplifier 1AM is provided 
with windings WRV and WRN which are supplied by the field relays RPV 
and RPN. The mmf.’s of these windings prevent the weakening of the 
field until the voltage of the generators reaches about 85 per cent of 
its rated value during acceleration. Fig. 1(g) illustrates the rela- 
tionship between the mm.f.’s of the control windings in the amplifier 


1AM. If there are no mn.f.’s Fin and r.. , the amplifier 1AM” is com- 


pletely opened by the mm. f. Pa. of the bias winding and the reference 
voltage (the output of the amplifier) is at a maximum corresponding to 
e rated excitation current of the motor [1]. 


Jnlike previous systems 1,2), the proposed system of control for the 
motor field (Fig. la) provides a wider range of control over the excita- 
tion current of the motor and makes it easier to adjust for the desired 
conditions of dynamic control. 


Conclusions 


1. The continuous control system in Fig. 1(a) has real advantages 
over relay-contactor systems, They are: 


(a) more rational conditions are created for controlling the drive 
which improves the efficiency of the electrical equipment and increases 
the productivity of the rolling mill; 


(b) the control system is more reliable and easier to maintain; 


(c) favourable conditions are created for applying automation to the 
rolling process. 


2. The use of this control system on a reversible rolling mill 
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reduced the rolling cycle by 10 to 12 per cent. 


Translated by V. Alford 
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Introduction 


In high voltage transformers having the line terminal at the mid- 
point of the high voltage winding, the induced potentials in the low- 
voltage winding due to surges reach considerable magnitude and in some 
cases (in 400-500 kV transformers) special measures must be taken to 
eliminate this undesirable phenomenon, 


Not only may large potentials on the low voltage winding be dangerous 
to the earth insulation of this winding, but variations in this poten- 
tial also affect the insulation between the low and high voltage wind- 
ings and considerably increase the gradients** in the high tension (HT) 
winding. These conditions particularly affect three-winding transfor- 
mers and auto-transformers when the LT winding is arranged between the 
high- and mid-voltage windings, 


Thus, in conventional 220 kV transformers with the low tension (LT) 
winding in the centre, the potential] induced in the middle of this 


© Elektrichestvo, 2, 62-67, 1961. 


°° Ry gradients is meant the voltages on small sections of the longitudinal 
(centre turn) insulation. 
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winding by an impulse of 1.5/40 yz sec is about 30 sec per cent of that 
at the line end of the HT winding. This voltage has a considerable 
effect on the gradients and “lineals” (voltages about the line end) of 
the HT winding. It increases the gradients by a factor of 1.3 to 1.4 
and the lineals still more owing to the oscillatory component at the 
natural frequency of the LT winding (Pig. 1). 


The impulse method [1,3] of determining the gradients ignores the 
effect of the LT winding. The potentials on the LT windings can be much 
larger with chopped waves. But their effect on the gradients of the HT 
winding is somewhat weaker owing to the short duration of the main peak 


in the HT gradient. 


There are usually no dangerous voltages on the LT windings when the 
line potential is introduced at the end of the HT winding since it is 
earthed at both ends by the large capacitance of the network. 


Fig. 1. Oscillogram of voltage transfer No.6 
relative to the line in the HT winding of a 220 
kV transformer of 40,000 kVA. The LT winding 
is placed between the high- and mid-voltage 
windings. The ends of the LT winding are 
earthed. 


We assume throughout that the two ends of the LT winding are earthed 
as in impulse tests. 


Capacitive transmission of the potential from the 
HT winding to the LT winding. 


The initial induction of voltage on the LT winding by a surge with a 
vertical wavefront. In calculating the capacitive induction in trans- 
formers having a line termina] at the mid-point of the HT winding, we 
ean confine ourselves to one branch and the corresponding half of the 

i winding of each core; the fictitious discontinuity of the middle of 


the LT winding is assumed to be insulated. 


We will now consider a method of estimating the capacitively-induced 
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voltages on the low and mid-voltage windings (i.e. the secondary wind- 
ings) given a non-uniform HT winding. 


The interturn capacitance of a secondary winding can greatly affect 
the magnitude and distribution of the voltage induced in this winding, 
But the effect of this capacitance on the distribution of the voltage on 
the primary winding is usually very small and can be neglected, There 
is then no difficulty in estimating the capacitive distribution of the 
voltage on the primary winding regardless of the interturn capacitance 
of the low- and mid-voltage windings for any degree of non-uniformity in 
this winding. The secondary windings are usually made uniform. 


Given the approximate distribution of the voltage on the primary 
winding, even though it is non-uniform (only non-uniform interturn capa- 
citances are in mind), by expressing it analytically we can then find an 
expression for the distribution of the capacitively-induced vol*age on 

uniform secondary winding. This can be done by solving an inhomogeneous 
differential equation of a lower order than the homogeneous equation for 
the case when the primary winding is uniform but the distribution of the 
voltage over it unknown [3, 4]. 


The original distribution of the potential on the primary winding 
Uy init (x) is assumed to be given (Fig. 2). (Here x is the relative 

axial distance from the line end of the HT winding or from the middle of 
the LT winding; half the height of the winding is taken as unity). 


To form the differential equation 1, we have to assume that the vol- 
tage Uy unit (x) is produced by an infinite power source all over the 
winding and that it remains unchanged on connexion of the capacitive 


circuit: 


‘le Qinit ‘lo Limit 


where all the capacitances are referred to a unit of axial length. The 


subscript 1 refers to the primary winding, 2 - to the secondary (LT) 
winding, | to the interturn capacitances and 0 to the earth capacitan- 
ces, The point x = 0 corresponds to the line end of the HT winding and 
the mid-point of the LT winding arranged opposite to it, 


It is presupposed that the voltage in the primary winding can be 
defined as follows: 


Ussnit(x) = + Be (2) 
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and that the windings can be regarded as infinite, Then the voltage for 
the potential on the secondary winding, if the boundary conditions are 
satisfied, is 


2ini* 42 t id )+ (3) 


The voltage at the mid-point of the LT winding (if x = 0) is 


/4 , 
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If (*) = formulae (3) and (4) are simplified, 


Formulae can also be obtained similarly for a three-winding transfor- 
mer, To estimate the voltage induced on an LT winding placed between 

the high- and mid-voltage windings we can use the formulae for a two- 

winding transformer since in this case the interturn capacitance of the 
mid-voltage winding will have very little effect on the distribution of 
the voltage on the LT winding, The earth capacitances of the LT winding 
can only be estimated if the earth capacitances of the mid-voltage wind- 


ing are considered, 


Impulses with a finite wavefront or chopped waves. For standard 
impulses (1.5/40 yt sec and chopped waves) it is necessary to include the 
inductance if the voltage in the LT winding is to be calculated correct- 


ly. 


The voltage at the mid-point of the LT winding can be calculated by 
a simple equivalent network which need only be valid for the point in 
question (point R in Fig. 3). The period of fundamental oscillations of 
the LT winding is found from the formula 


2eV Lic, +e, ~¢,,) A, 


where h is the total height of the winding, 


The inductance Ls can be estimated as follows. Suppose that the LT 


where 
ais. 
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winding occupies a mid-way position between the high voltage and mid- 
voltage windings, We can then find Ly as the leakage inductance between 
half of the LT winding and the adjacent windings on the assumption that 
the whole leakage flux travels in channels between the windings and that 
there is none at all] in the copper, 


Primary Secondary 
winding winding 


Fig. 2. Equivalent capacitive network of a two- 
winding transformer with a given distribution of 
the voltage on the primary winding. 


Pig. 3. Equivalent network for determining the 
shape of the voltage oscillations in the middle 
of the LT winding. 


If the LT winding is at the core, Lo is still found in the same way, 
but the surface of the core is regarded as a conducting screen since the 
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flux is excluded from the steel by the eddy currents. The residual 
effect of the core can be included by multiplying the value of L. by a 
factor of about 2.5. The period T is usually 3 to 6 yw sec for LT wind- 
ings. 
If an infintely long surge with a vertical] wavefront (a “square” 
wave) is incident at point A, the unit amplitude of the potential at 
point B can be expressed by the formula®*® 
(6) 
We assume that an impulse with a finite wavefront is of infinite , 
length (this assumption has practically no effect on the magnitude of 
the voltage induced in the LT winding): 
U,(j=l-—e™. (7) 
An expression can be found for the voltage induced by such a surge at 19¢ 
the mid-point of the LT winding from formulae (6) and (7) by means of 
the Duhamel integral [3]. After simplifications we get: 
U,()=U__ sing [sin (wt —sin J, (8) 
Rcinit) 
where 
sing = == 
7) is 
1+ ] 5,2 | = 
V (i) + 5.2 (7) 
Upcinit) is defined by formula (4); 
- the “circular” (angular) frequency of the natural oscil- 
lations of the LT winding; 
s =o. a conventional wavefront expressed by equation (7) [2]. 
The incidence of the non-periodic component of formula (8) is defined 
by the wavefront of the effective surge. It is quite accurate to assume 
that expression (8) is at a maximum at the same moment as the sinusoidal : 
term in square brackets. Hence the formula for the maximum voltage at 
the mid-point of the LT winding is 
* Pormulae (6), (8), (9) and (11) were derived by E.S. Frid. 
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U4, = Sin (1 +2), 


3 
~ tans 
§ = sin ge 


It follows from formula (9) that the voltage in the LT winding is 


smaller, the larger the ratio =. 


With a chopped wave the induced potentials are much larger, since the 
inverse wave (component 2 in Fig. 4), which chiefly determines the in- 
duction with a chopped wave, is much steeper and is 1 + ky times greater 
in amplitude than at the “chop” which is taken as 100 per cent (ky is 
the relative transition of the voltages through zero at chopping). 


In addition, the potentials induced from the two components (Fig. 4) 
may be identical in sign at the moment the total potential is a maximum 
ind they can be added (Fig. 5). The potential induced with the chopped 

increases as the coefficient of transition through zero increases. 


Component 2 of the chopped wave (Fig. 4) can be expressed by the 
following formula if damping of the oscillations is excluded: 


(10) 


27 
where @,,* > is the angular frequency of the oscillations of the 
Y potential at point A after the “chop”; 


Tay * the pre-discharge time (Fig. 4). 


Using formulae (7), (8) and (10) and the Duhamel integral, the 
absolute maximum potential] at point Bf is defined after simplification by 
the expression 


he 
U, Bu =Upcanity| 42) (I +-cos fr) 


— sin g-sin (wt,+ + 9) 
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Fig. 4. The chopped waveform 
and its components; 
a — chopped waveform; 
b = expansion into its two 
components. 
1 = un-chopped component; 
2 =— inverse component; 


Fig. 5. Oscillogram of the potential induced in 

the middle of the LT winding of a 220 kV 40,000 

kVA transformer due to a chopped surge. The 

dotted line shows the potential induced ty an 
unchopped surge. 
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sin = 


Typical voltages induced in the middle of the winding of various 
transformers are given in the Table. 


Potential at the mid-point 
of the LT winding as a 
percentage 


Total wave Chopped 
1,5/40 sec wave 


Position ot 
LT winding 


Test Call Test 


Voltage class of 
nid-voltage winding, kV 


40,000 kVA, 220kV (3-w 
(3-winding) .. 


60,000 kVA, 400 kV 
(2-winding model)... 11 15.6 33 


N.B. The calculated values are angular because damping was ignored. 


The capacitive effect of voltage oscillations in 
the LT winding on the gradients in the UT winding 


Nature of the effect. The LT winding usually has a mainly capacitive 
effect on the gradients in the HT winding. We ignore those cases where 
the effect is inductive, 


Corresponding to the capacitive distribution of the voltage on the 
HT winding (Fig. 6) the first moment after the incidence of a surge 
with a vertical] wavefront, there is a capacitively-induced voltage dis- 
tribution of the same sign on the LT winding, i.e. Uy init (*)- After 
a period of time equal to a half-wave of the natural frequency of the 
LT winding, this voltage changes sign on passing through zero and 
capacitively induces an additional voltage in the HT winding which is 
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opposite in sign to that of the surge. 


Since the natural frequencies of the winding are widely different, it 
follows that we can more or less regard these oscillations as indepen- 
dent of each other. The change in the voltage of the LT winding rela- 
tive to that at the first moment (assuming synchronous change at al] 


points), can be expressed in the form: 


Al ft) = (x) — COs wf), (12) 


is the change in the voltage of the LT winding affecting 
the HT winding; 
the initial value of the voltage induced in the LT 


where Dv, t) 


anit *? 


winding; 
U,(x,t) - the voltage of the LT winding. 


When studying the gradients in the HT winding it is therefore neces- 
sary to consider two actions, namely, the actual surge at the line end 
of the HT winding (the waveform is assumed to be square), and the wave 
via the capacitance on the LT winding side in the form of (12). 
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The criterion for estimating the gradients is the curve for the 
initial voltage distribution [1,2]. For an actual surge, this initial 
distribution can be obtained in the usual way. It can be roughly cal- 
culated analytically for the second component given uniform windings 
(for a square waveform via the capacitance on the LT winding side). The 
line end of the HT winding must be regarded as earthed owing to the 


great capacitance of the line. 


The voltage distribution is illustrated in Fig. 6(a) for both com- 
ponents, 


The expression for the initial voltage distribution for calculating 
the unduced gradients, The induction in the HT winding is calculated in 
a similar way to that illustrated in Fig. 2, except that the voltage 

Us init is now regarded as given. The differentia] equation is exactly 
the same as equation (1), it being only necessary to substitute the 


subscript 2 for l. 


For the sake of simplicity it is assumed that the initial voltage 
distributi alone the LT winding is linear: 


"anit (X) = (! 
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Operating experience with 220kV transformers has shown that expres- 
Sion (13) is very near the actual] voltage distribution along the LT 


winding; the initial voltage induced in the HT winding is then 


Fig. 6. The capacitive effect on the LT winding; 

a - initial distribution along the HT winding - 

two components; b - distribution along the LI 
winding. 


-@* in the expression in brackets has 
Hence, from the point of 

the sudden application to the LT 
winding of a voltage which is defined at each point by expression (13), 
is equivalent to the square waveform of opposite polarity to that of the 
voltage in the LT winding at the line end of the HT winding and having 


Only the exponential term - e 
any real importance in inducing gradients. 
view of calculating these gradients, 
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Surge voltages 


To calculate the induced gradients (given a synchronous change in the 
voltage all over the LT winding) we can replace the voltage Up(t) in the 
LT winding by the surge at the line end of the HT winding with the wave- 
form 


The widuced gradients with a surge having a finite wavefront. From 
the point of view of the effect of the oscillations in the LT winding on 
the gradients in the HT winding, the change in the voltage of the LT 
winding due to the presence of these oscillations (by analogy with 
formula (12) for a surge of square waveform and in accordance with (7) 
and (8) must be 


- [sin 9-sin (wf + 9)— sin? 2-e J}, 


where Av, (x,t) is the change in the LT voltage affecting the HT winding; 


U,(*,t), - the capacitively-induced voltage in the LT winding in 
the absence of oscillations; 


Un(*,t), - the actual voltage in the LT winding. 


Fig. 7. The voltage of the LT winding due to a 
surge with a finite wavefront. 


Fig. 7 shows the voltages Un(,t), and Un(x,t), as a function of 
time at ww point of the secondary winding. 


In accordance with formula (16), the equivalent effect of a surge of 
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Surge voltages 


Square waveform at the line end of the HT winding corresponding to the 
change in the voltage in the LT winding from formula (17), is found by 
the expression 


C12 —mt 


(18) 


Formula (18) changes into formula (19) for surges of square waveform 
as 


Upcinity |! cos (19) 


If the frequency drops to zero, the conditional equivalent effects 
(18) and (19) also tend to zero and, consequently, so do the induced 
gradients. 


Suppose we consider the components of the gradient induced in the HT 
winding by each term in expression (18). 
c 
12 


(1 - e~"*) in expression (18) can be estimated by the formulae for 
surges having a finite wavefront as proposed previously by Frid [2]. 


The gradient of induction B's from the term 


An expression for the gradient from the term N sin (wt +@) can 
easily be found from the formula for the gradient of a surge with a 
square waveform by the Duhamel integral, For example, for the second 
interval, i.e. if X <Vt< (X-+D): 


cosp[v-+- tan X 


(X, 


sinh AVE — c08 9 [» sinh AX -+- tan cosh AX] X 


. xX 
where in reference to the HT winding: 


V is the velocity of propagation along the conductor (about 
150 m/ftsec for windings in oil and 210 m/sec for windings 
in air); 
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Surge voltages 


the length of the conductor section in question; 


¥ = xl, — the distance along the conductor from the beginning of the 
winding; 
the total length of the winding conductor; 


x ~ the distance from the beginning of the winding; 


number of turns per unit of axial length; 


the 
the 
the 


average length of a turn; 


capacitive parameter; 


relative frequency of the LT winding; 


Up (init) sin @ - the conventional] amplitude. 


to show that all the terms with the exception of that with 


It is easy 


the coefficient .. can be safely ignored for the usual 3-6 yw sec 


periods of natura] oscillation in the LT winding. Expression (20) then 
takes the form: 


g, (X, t) sin (wt -+-¢). (21) 


We would still arrive at the same expression if we were to consider 
the third interval, i.e. the case Vt >(X 4D). 


The less steep the wavefront of the surge, the smaller the conven- 
tional amplitude of the gradient ", since the multiplier sin @ is less, 


In view of the short period of oscillations we can always assume that 
the positive half-wave of a sine curve is disposed near the maximum of 
the main gradient. It is therefore advisable to put sin wt +@) =1 


in formula 21. 


The component of the gradient from the term sin” is also 
easy to find. The gradient a", is close in magnitude but opposite in 
sign to the sum of the non-periodic components of the gradient from 
formula (20) which we ignored; by subtracting &”, from that sum we get 
a negligible quantity which can be ignored completely (it is just the 
same for the third interval). Thus, the component of the gradient ge” 5 


can be excluded, 


Formula (14) for the initial voltage distribution contains the linear 
which up to now has been ignored in deriving gradient 


nent l- x) 
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formulae, It can easily be shown that this component varies synchro- 
nouSly with the effective voltage during the course of time. It is a 
relatively small quantity in any section of the winding, but it is easy 
to calculate and no difficulties arise by including it. This gradient 
component is opposite in sign to the main gradient of the HT winding: 


Dp 
N 7 sin (wt -++ 9). (22) 


| 
i 


No. of channels 


Fig. 8. Gradients of impulses of 1.5/40jsec in 
a 220 kV 20,000 kVA test transformer: 
1 -— test data; 2 — calculated with LT effect 
included; 3 — calculated without LT effect in- 
cluded [2]. 


The general formula for calculating the second part of the induced 
gradient (corresponding to the terms in square brackets in (18)) sim- 


plifies to 


= UpeinitySin 
Cit B(init) ? 
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Surge voltages 


The first component of the induced gradient due to the term (1 — ¢7®*) 
in formula (18) could have been included when calculating the main peak 
of the gradient. It is necessary to start from the curve for the ini- 
tial voltage distribution over the HT winding calculated on the assump- 
tion of a continuous conducting and earthed screen instead of the LT 
winding (the capacitive parameter a is defined by formula (15)). 


Fig. 8 shows typical curves for the maximum gradients of an impulse 
in winding of an experimental] 220 kV transformer with the LT winding 

between the 220 kV and 110 kV windings and short insulation distances 
(increased effect of the LT winding). The maximum voltage at the mid- 
point of the LT winding as calculated by formula 9 was 33.5 per cent. 


It will be seen from Fig. 8 that the maximum gradients from Frid’s 
formulae are slightly below actual, whereas those calculated by the 

proposed method with the effect of the LT winding included agree satis- 
factorily. 


Conclusions 


1. Considerable potentials are capacitively-induced in the LT windings 
of transformers having the line voltage termina] at the mid-point of the 
HT winding when surges occur on the HT side, 


2. The resulting oscillations of the potential in the LT winding in- 
crease the gradients in the HT winding by reverse capacitive induction. 


3. The proposed method of estimating the stated effects is simple and 
sufficiently accurate for practical purposes. 


Translated by 0O.M. Blunn 
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COLD-ROLLED NON-ORIENTED 
ELECTRICAL STEEL* 


A.A. NEFEDOV and P.I. BORZOVA 
Central Ferrous Metals Research Institute 


(Received 4 July 1960) 


The cold-rolled electrical steel at present produced in the U.S.S.R. 
is somewhat inferior in quality to that produced abroad, The explana- 
tion is that Soviet iron and steel works do not have the necessary 
equipment. This deficiency is shortly to be overcome by the opening of 
new electrical steel] plants at the Novo-Lipetsk Iron and Steel Works. 
This works will produce top grade steel in roll and sheet form and in 
different gauges, widths and lengths with an insulation coating giving 
high space-factor, The delivery of steel in roll form will enable 
electrical engineering works to save steel by rationalizing the arrange- 
ment of stampings. 


The Novo-Lipetsk Iron and Steel Works is also to produce a new kind 
of cold-rolled transformer steel developed by the Central Ferrous Metals 
Research Institute with a relatively non-oriented grain structure. There 
will be two grades, namely, a low-alloy steel with a 1.3 to 1.7% Si- 
content and a high-alloy steel with a 2.9 to 3.3% Si-content. Unlike 
conventional grain-oriented steel, these particular grades have fewer 
ferrite grains with the cube faces oriented along the direction of 
rolling, The result is that the electrical and magnetic properties of 
these steels are practically the same along the direction of cold-ro]ling 
as they are across it, i.e. the steel approximates to hot-rolled steel. 


Trial batches of this steel] have already been produced by the same 
process that will be used in Lipetsk, The properties of the steel have 


* Elektrichestvo, 2, 85-87, 1961. 


80 Cold-rolled non-oriented electrical steel 


been investigated in weak, medium and strong fields. The properties of 
cold-rolled non-oriented 1.34% silicon stee] and 3.29% silicon steel 
(gauge 0.5 mm) are given in the Table. 


Fig. 1. Specific losses in cold-rolled non-oriented 
steel (gauge 0, 5 mm): 
low-alloy steel; -------- high-alloy 
steel; 
Direction of specimens: 1 - lengthwise; 2 — trans- 
verse; 3 - middle (45°). 


The specific losses PoP and magnetic induction i100 of the 
stee] were determined on a one-kilogram Epstein test apparatus by the 
absolute method. Coercive force was measured at a strength of 125 
oersted, The testpieces were plates 0.5 x 30 x 250 mm in size with no 
special] annealing to remove work hardening after cutting; when testing, 
the plates were “overlapped” end to end, 


Magnetic induction By 9027" 10 was measured on the same apparatus by 
the same testpieces but double overlapped. The testpieces were heat- 
treated at 750° before the tests to remove work hardening after cutting. 
More detailed information is given in Figs. 1 to 6. 


From tests the magnetic induction By 002770.01 is greatest in the 
high-alloy steel. It is the other way round in strong fields. As was 
to be expected, specific losses PoP ia were lowest in the high-alloy 


steel, 
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Cold-rolled non-oriented electrical steel 


Pig. 2. Magnetic induction of cold-rolled non-oriented steel in weak field 
(gauge 0.5 ——— low-alloy steel; ----— high-alloy steel. Direction 
of specimens: 1 — lengthwise; 2 - transverse; 3 - middle (48°). 


8000 


6000 


a2 a3 as 


Pig. 3. Magnetic induction of cold-rolled non-oriented steel in medium fields 
(gauge 0.5 mm). ——— low-alloy steel; - - high-alloy steel. Direction 
of specimens: 1 lengthwise; 2 - transverse; 3 -iddle (45°). 
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Cold-rolled non-oriented electrical steel 


Comparison of the properties of cold-rolled non-oriented steel with 
those of hot-rolled steel of the same chemical composition shows that 
the non-oriented cold-rolled steel is superior. It has lower specific 
losses end higher magnetic induction. 


H 


7 
d 8 


Fig. 4. Magnetic induction of cold-rolled non- 
oriented steel in medium fields (gauge 0.5 mm). 
—— low-alloy steel; - high-alloy steel. 

Direction of specimens: 1 — lengthwise; 


2 — transverse; 3 — middle (45°). 
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Fig. 8. Magnetic induction of cold-rolled non- 
oriented steel in strong fields (gauge 0.5 m). 
—— low-alloy steel; - high-allay steel. 
Direction of specimens: 1 - lengthwise; 

2 - transverse; 3 - middle (45°). 
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Cold-rolled non-oriented electrical steel 


Satisfactory results were obtained in tests on cold-rolled non- 
oriented steel in electrical machines. 


Samples of the steel have been produced in the Novosibirsk Iron and 
Steel Works under much worse conditions than at Lipetsk. This steel was 
tested at the “Dynamo” works. Losses were reduced 10 per cent by re- 
placing grade Ell and E12 hot-rolled steel] by cold-rolled low-alloy 
steel. 


Woersted) 
11000 


‘ 


$000 


Pig. 6. Magnetic permeability of cold-rolled non- 
oriented steel (0.5 mm gauge). 
—— low-alloy steel; - - --high-alloy steel. 
Direction of specimens: 1 - lengthwise; 2 - 
transverse. 


Better results were obtained at the “Uralelektroapparat” works 
where cold-rolled high-alloy steel was substituted for grade Ell and E12 
hot-rolled steel. Losses were reduced by a factor of 1.4 to 1.7 on 
prototype machines, Stil] better results are expected from the steel 
to be produced at Novo-Lipetsk. 


Translated by 0O.M, Blunn 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 2 1961 


The Design of Oil-filled Bushings. L.I. Fedorov, 
(pp. 68-73). 
Methods are proposed for designing bushings used for high voltage 


conductors, particularly from the point of view of heat dissipation 
and insulation. 


Control Engineering 


A Reversible Electronic Drive with Polarity Switch in the 
Power Circuit. B.R. Gendel’man, (pp. 17-24). 


In 1959 the author patented a contro] system for the “ionic” drive 
of the roll gangs on a blooming mill. The system comprised one or 
two sets of mercury arc rectifiers and a polarity switch in the main 
circuit. Provision was then made for controlled starting, reversing 
and braking, but the author has now elaborated the system further 
and in this article he gives a description of a new but similar 
system which provides for all conditions of stepped control of the 
motor. 


The Parameters of Non-linear Elements (with a parabolic 
voltampere Characteristic) connected in Pulsed-Current 
Circuits. B.M. Shliaposhnikov, (pp. 79-81). 


Equations are produced to define the operating conditions of non- 
linear elements as used in modern remote control, measuring and 
computing devices. 


Abstracts 


Discharges across Contacts 


Electrical Breakdown of Micro-Gaps in Gaseous Media. 
A.I. Frolov, (pp. 73-76). 


A study is made of the electrical breakdown of small gaps measured 
in microns and tens of microns in particular reference to phenomena 
on Ni, Ag, Fe, Al, Cu and Pt-Ir contacts. A novel test is used, 


Domestic Appliances 


Concerning Domestic Power Consumption. B.L. Shifrinson, 
(pp. 76-78). 


An account is given of the plans to increase the production of 
electric cookers for domestic use, 
Electric Furnaces 


The Calculation of Operational Short Circuit Currents in 
Three-phase Arc Furnaces. N.A. Markov et al., (pp. 28-33). 


A practical] method is proposed for calculating the asymmetrical short 
circuits which occur during the operation of electric arc furnaces in 


order to avoid the false operation of the relay protection and auto- 
matic regulators of the furnace. 


Electrical and Magnetic Fields 


Application of a Corollary of Green’s Forsula for calcula- 


ting Electrical and Magnetic Fields. YV.S. Khvostov et al., 
(pp. 14-17). 


Owing to the difficulties involved in drawing the original equipo- 
tential lines in the Richter method, the author proposes a simple 
method of determining the potential at certain points within a region 


if the values of the potential are known at the boundary, An example 
is given. 
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Power systems 


Consolidation of the U.S.S.R. Power pool System in Europe 
and Siberia. 


It is recognized that industrial output wil] still largely be con- 
centrated in the Buropean part of the U.S.S.R. in the forseeable 
future. A detailed account is given of the planned Ural -Siberia 
power system which is designed to transmit electricity produced on 
the basis of Siberian fuel resources to the western regions, 


The use of distribution coefficients in calculations with 
equivalent circuits. N.A. Mel’nikov, (pp. 9-13). 


A description is given of a simple and accurate method of calcula- 
ting complex equivalent networks on a network analyser by means of 
measurements of the distribution coefficients of the master currents. 
This method is particularly applicable to the operating conditions 
of electrical systems with non-linear loads if iteration is used. 


Statistical Methods of calculating Electrical Leads in 
Industrial Networks. B.V. Gnedenko et al., (pp. 81-85). 


A statistical method is proposed for estimating the future power 
consumption of factories and groups of factories. 


Rotating Machines 


The Design of Synchronous Motor Compounding Devices. 
V.V. Iukhov, (pp. 40-45). 


A design method is proposed for current transformers in compounding 
schemes operating via a rectifier on the excitation winding of the 
exciter of a synchronous motor. 


A emall synchronous Motor with a Semiconductor Rectifier 
in ita Field Circuit. Iu.I. Chkhikvadze et al., (pp. 
45-48). 


A description is given of a compact simplified system of excitation 
for small synchronous motors using a semiconductor rectifier. Many 
advantages are claimed for it. The special features are the con- 
nexion of the rectifier in the “open neutral” of the motor and the 
use of a two-winding correcting transformer. A 70 per cent reduc- 
tion in cost is claimed. 


Abstracts 


Speed Control of a d.c. Motor with a Semiconductor Switch 
im its Armature Circuit. T.A. Glazenko et al., (pp. 
49-55). 


A description is given of a more compact, reliable and efficient 
system of controlling the speed of a reversible d.c. drive using a 
semi-conductor triode (transistor) as a switch in the armature 
circuit. Equations are also produced to determine the mechanical] 
characteristics, the total amplitude of the pulsed current, the 
speed and the power losses. 


Transformers 


The Performance of Series-connected Transformers having 
different Transformation Ratios. P.F. Rybchenko, (pp. 
55-61). 

YEA 


A study is made of the performance of series-connected transformers 196 
with different transformation ratios. A method of calculation is 
proposed to assist in the selection of other elements in automatic 
control systems without resort to time-wasting tests. 
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THE NEW RUSSTAN POWER STATIONS* 


A.R. GERSHTFIN, L.I. NVOSKIN, L.UI. IZRAILEVICH 
A.B. KRIKUNCHIK, K.K. LFVITSKII and B.V. ROSS 


(Teplocle:tropeekty 


(Received 13 September 1960) 


It is now planned to build 22 new coal -hurning power stations in the U.S. 
by 1965. These stations, each of 2400 iW output, are to be equipped 
with 200 and 300 "W units. Fach turbine will be connected to a boiler- 
unit producing steam at a rate of 950 t/hr (pressure 255 atm, steam 
temperature 585°C witn reheat to 570°C). 


The generators are to have hydrogen cooling (hydrogen pressure up to 
3 atm). The generator voltage is 2 kV. Those produced by the Flektro- 
sila works will have direct hydrogen cooling only for the rotor wind- 
ings. Those produced by Elektrotiazhmash will have direct hydrogen 
cooling for both rotor and stator windings. 


The Elektrosila generators will be excited direct from high frequency 
exciters with the current rectified by germanium rectifiers, Provision 
is made for standby excitation from a motor-generator set incorporating 
a flywheel. 


The plan envisages five types of main building which differ in the 
position of the coal hoppers and the system of coal pulverization. 


Alternative arrangements are also made for totally-enclosed and semi- 
enclosed turbo-generators, but there is a general specification dispen- 
sing with crane-assistance in the erection of the stator, the opening 
up of the regenerative air heating equipment, and the operation of the 
ash separators, exhaust fans and blowers in the boiler unit. 


Different plans have been proposed for the system of coal pulveriza- 


* Blektrichestvo, No.3, 1-13, 1961. 


New Russian power stations 


tion. A central shop is provided in the fifth scheme (3|. The main 
buiiding is shown in Fig. 1. 


The specific capital cost is 590 to 650 roubles per kW; the speci- 
fic space factor is 0. 49 m°/kW including the coal pulverization shop 
and auxiliary building; the specific consumption of conventional fuel 
is 304 2/kW. hr; the specific consumption of power for auxiliaries is 
nr; the specific consumption of power for auxiliaries is 3.2 to 3.7% 
(the feed pumps are steam-driven); the specific employment figure is 
0.17 to 0.23 min per 1000 kW; 90% of the builcing is composed of sec- 
tional reinforced concrete components; there are 79 types of such 
units in the main building. 


Output from the first set will commence 26 months after the start of 
construction. Thereafter new sets will come into operation at inter- 


vals of 3. 2 months. 


The electrical connexions 


Provision is made for the electrical connexions to be adjusted to 
meet local needs and only general plans have therefore been made to 
supply the 110, 220 and 500 kV networks. 


Use is to be made of three-phase 360 "VA booster transformers, 2/110, 
20/220 and 20/330 kV and similar auto-transformers 20/110/220 and 
2/110/330 kV. Single phase transformers 3/500 kV will also be used 
(120 and 240 MVA in one phase). 


Fig. 2 illustrates the connexion of the generators to the 110 and 
2) kV distribution gear. Fxtra reliability is provided by the use of 
two auto-transformers between the distributing devices. In version 1(a) 
the standby supply for auxiliaries is provided by step-down transforn- 
ers connected to the compensation windings of the auto-transformers. 
With 6 kV compensation windings the standby supply is provided by line 
regulator transformers and reactors connected to the windings of the 
auto-transformers, In version 1(b) the standby transformers for 
auxiliaries are connected to the 110 kV feeder bus-bars, but this in- 
creases the capital cost and loss of energy. The difference in version 
2 is that one of the generators is connected to the L.T. windings of 


the auto-transformers. 


The second version entails no higher capital or running costs, but 
it is technically more difficult and special requirements have to be 
met as regards dynamic stability in the use of c:rcuit breakers, 
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New Pussian power stations 93 


The Ministry of Power Stations has recommended version 1(a) with the 
installation of a circuit breaker at each transformer. Three types of 
connexion between the generators and transformers have been considered 


for 500 kV (Pig. 3). 


180 180 360 WA 
mow |= 220 KV KV 
2 « 
= 
8 ola 
a) 


Fig. 2. Alternative systems for connecting the 

generators to the 110 and 22% kV distribution 
gear: 

@ version 1(a); 6 — version 1(b); - ver- 
sion 2 


Version 1 provides two generators to one group of single phase boos- 
ter transformers of 3 x 240 MVA with two low voltage windings. The 20 
and 500 kV distribution gear is linked by a set of single phase 3 x 135 
MVA auto-transformers. The compensation windings of the 220/500 kV 
auto-transformers can be used as a standby supply for the auxiliaries, 


Version 2 provides for the connexion of the generators to the L. T. 
windings of 220/500 kV auto-transformers. One generator is connected 
to each set of auto-transformers, Two generators cannot be comected 
to the same set of auto-transformers owing to the limited power of the 


available auto-transformers. 


In version 3 the number of large 500 kV units is reduced by connect- 
ing one generator to a 230/500 kV 3X 240 MVA auto-transformer and the 
other to a 2/2 kV booster transformer. 


Versions 1 and 2 are the cheapest but version 2 incurs the least 
loss of energy, whilst version 1 is the simplest from the technical 


point of view. 


New Russian power stations 


The main system can only be selected in the light of local conditions, 
but a tyr al arrangement as been prepared (Fig. 4) Here twe 1era- 
tors are connected to t! 110 kV distribution bu two to th j 
bus-bars, and four to the 5300 kV bus-bars. Larger units are connecté 
to the 500 kV bus-bars, i.e. two generators per transforrer unit, 
reduce the amount of expensive 500 kV switchgear Large jern 1 
systems have an adequate margin for the disconnexion of such uni 

MVA = 
220 «\ 4 220 k\ 8 SOONVA 220° 
* 


Aux. st andbyr 
a) 


Pig. 3 Alternative systems for connecting the 

generators to the 23) and 500 kV distribution 
gear: 

@- version 1; 4 -— version 2, c« = version 3. 


The number of transmission lines from each station also depends on 
local conditions. To determine the scale of the distribution gear it 
was assumed that there would be about ten 110 kV lines, six 220 kV lines 
and three 5300 kV lines. 


The distribution gear is supplied by two separate bus-bar systems 
with a transfer bus. All the line and transformer circuits may be con- 
nected to the transfer system. If the number of outgoing lines should 
be less, simpler arrangements may be used (e.g. generator-transformer- 
line units, “bridges”, “squares” etc). 


Works supply 


Three phase squirrel cage induction motors are used for most of the 
internal drives, but synchronous motors are used for the ball mills and 
compressors. The feed pumps are turbo-driven, except the standby pump 
which is driven hy an induction motor. 


A voltage of 6 kV has been adopted for * majority of motors at 
these large stations, 
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The main system of electrical connexions. 


Fig. 4. 
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% New Russian power stations 


The ball mills require a 2400 kW motor of 100 rev/min A synchronous 
motor is better suited to such speeds. 


An induction motor was regarded as adequate for the standby feed 
pump as it is normally shut dow and the advantages of a synchronous 
motor could not be fully used. A synchronous motor would also have led 
to a more complicated installation and would have increased the short 
circuit currents in the internal systen. 


The output and pressure of the standby feed pumps is regulated by 
hydraulic clutches. The exhaust fans are driven by two motors each of 
a different speed. The blowers are driven by two-speed motors. These 
fans and blowers are also regulated by the rotating blades of the tur- 
bine control gear. 


A voltage of 380 V has been adopted for motors up to 200 k¥. 


The fuel supnly equipment is driven by 220 V d.c. motors to achieve 
a wide range of speed control. They are fed from a three phase 380 V 
a.c. network via rectifiers. The standby oil pi..s of the turbines and 
the equipment for the hydrogen cooling of the ~-nerators have 200 V d.c. 
motors so that they can be supplied from batterie the eveut of the 
a.c. supply failing. 


A voltage of 380/220 V with earthed neutral is used for the lighting. 


\ 


‘i. 


Pig. 5. The main circuit for 6 kV auxiliary power. 

1 - Works transformers; 2 - standby works trans- 

forwers; 3 - 6 kV busbars of the works distribu- 

tion gear; 4 - the feeders of the coal pulverize 
ttor shop. 


The unit or “block” supply system is used for the works supply (see 
Figs. 5 and 6). 
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Each motor unit is supplied via a three phase 31.5 MVA 20/6 kV trans- 
former with a split 6 kV winding. This transformer is connected to a 
tapping from the generator circuit. Such transformers make it possible 
to limit the short circuit currents on the 6 kV sections of the bus- 
bars to suit the VMG - 133 circuit oreakers and to simplify the system 
as a whole. 


The 6 kV bus-bars of each unit are in two sections so as to separate 
each pair of auxiliaries. In the event of faults, at least half the 
turbine and boiler auxiliary drives will remain in operation. 


The 6 kV motors for the general station plant are supplied from 
special works transformers. The motors of the standby plant are supplied 
from different sections in different blocks. 


The 380 V works system is built on the same unit principle as the 6 
kV system. Each unit has three 6/0.38 kV transformers; each supplies a 
particular section of the auxiliary feeders. These three sections supply 
all the general station plant in the main building as well as tne plant 
in the particular blocks. The motors of general station plant outside 
the main building are supplied from separate transformers. 


The type of internal equipment also depends on the type of coal pul- 
verization. In one scheme the works supply is met by one central set of 
distribution gear and in the other schemes by a central unit with “group 
feeders” disposed near the motors. The second arrangement is more 
economical in non-ferrous metals and cable. If the separate coal pul- 
verization shop is adopted, the 6 kV motors in this shop and some of the 
general station plant are supplied from the 6 kV feeders in the pulveri- 
zation shop itself. It is considered desirable to have eight such 
feeders, the same number as there are blocks. Each feeder is supplied 
by cable from the main 6 kV section. 


The standby works supply has two 20 MVA transformers which are either 
connected to the feeder busbars of the 110 kV distribution gear or to 
the compensation windings of the auto-transformers. These two transfor- 
mers can start or stop any two blocks at the same time. A spare un-used 
31.5 MVA transformer was suggested but the Ministry preferred a system 
in which the main works transformer would be replaced automatically and 
any two blocks started or stopped at the same time. 


One battery is provided for each two blocks for emergency supply of 
the 220 V d.c. motor oil pumps, lighting and the control circuits. A 
reverse battery is also provided for the central control desk. The 
batteries are charged from dry rectifiers. 
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To 110 kV To tertiary winding of the 
busbars auto- transformer 
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Fig. 6. The internal circuit for the first unit: 
1 - Nc. 1 35.5 MVA works transforwer + 2x 

x 2.54/6.3/6.3 kV; 2 primary MVA transfor- 
mers; section 1A cf the 6 kV works distribution 
gear; 


4 - section 1B of the 6 kV works distribution 
gear; 5 - the 6 kV feeder of the coal pulveri- 
zing shop; 6 - the 380/20 V feeder of the coal 
pulverizing shop; 7 - the fuel supply feeder 
(section No.1); 8 - standby fuel supply feeder 
of the auxiliary buildings; 11 - compressor 
house; 12 - feeder of auxiliary premises; 

13 - the lighting in block No.1; 14 - outdoor 
distribution gear; 15 - standby feeder of No.1 
block; 16 - engine room (section 1A); 17 - en- 
gine room (section 1B); 18 - boiler house (sec- 
tion 1C); 19 - standby feed of No.3 block. 
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The electrical installation 
The turbo-generators are transverse to the axis of the engine room. 


The generators are connected to the booster transformers and supply 
the works transformers through single phase conductors in aluminium 
housings to eliminate interphase short circuits (Tig. 7). The conduc- 
tors between the generators and transformers consist of two box-shape 
aluminium bus-bars 225 x 105 x 17.5 mm in section. These particular 
dimensions were chosen from the point of view of heating and current 


density. 


The enclosed conductors are cooled by a closed system ventilation with 
a water air-cooler. The cooled air is first passed into the middle 
compartment. It then passes to the extreme compartments and then back 
to the fan. Me-ionizers are fitted at the junctions between the middle 
compartments, The voltage transformers are connected direct on the con- 
ductors by plug (pin) contacts without voltage dividers or fuses, They 
are single phase with their winding connected between phase and earth. 


The Flectrosila works has placed the neutral leads of the 300 MY 
turbo-generator in the upper part of the face section in a special box 
which contains all the other leads and neutral leads ‘‘from two parallel] 
branches of the generator and transformer for transverse (shunt) dif- 
ferential protection”. This arrangement simplifies the erection and 
exploitation of the main leads as well as the neutral leads. 


The phase and neutral leads of the 300 “W generators produced by the 
Electrosila works are provided with built-in TUL-2) type current trans- 
formers. 


Any circuit breakers in the generator circuits are mounted under the 
generator. 


A 75 ton bridge-crane is provided in the engine room for the erection 
and repair of the generator and removal of the rotor. The stator, which 
weighs 225 tons, is erected by a special appliance fixed to the side 
wall of the engine room (Fig. 8). The stator is delivered on a special 
transporter by rail straight into the engine room. electric winch on 
a mobile “carriage” is used to lift it from the rail transporter. It is 
rotated 90° and drawn into the “carriage’, The “carriage’ is then 
moved through an opening in the outside wall of the engine room to its 
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foundations, 


The best position for the internal distribution gear is on the out- 
side wall of the engine room, but this involves taking a large number 
of cables through the engine room since must of the plant is near the 
boiler. Consequently some of the 6 kV motors are fed from the central 
distribution gear and others from group feeders near the motors. 


64 8 
2.30 
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Fig. 7. The stator winding connexion of the 

generator and the layout of the generator in 

the engine room (version with a circuit break- 
er in the main circuit): 

1 - generator; ? - current transformers; 

3 - voltage transformers; 4 - enclosed bus- 

bar feeder; 5 - air blast circuit breaker; 

6 - alr cooler; 7 - de-ionizer; & - viscous 

(vision) filter; 9 - centrifugal fan. 


Thus the bulk of the internal electrical plant is in two tiers along 
the wall of the machine building (Fig. 9). This includes the central 
6 kV distribution gear for all the blocks (first tier), the 380 V block 
control panels of the engine room, the 2 V d.c. gear for the whole 
station and the generator excitation equipment (second tier). There is 
an intermediate cable run between these two tiers. 


The 380 and 200 V distribution gear and 6 kV feeders for the boiler 
house are either in the boiler house or in the coal store. The arrange- 
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ment of the other equipment can be seen in Figs. 9 and 10. 


The booster transformers are arranged along the railway track out- 
side the machine house. The auto-transformers are mounted near the 110 
220 and 500 «V distribution gear. 


boiler 4 


Pig. 9. Part plan of the main building. 
1 ~ central control desk; 2? - unit control 
panels; 3 - 0.38 kV distribution gear; 
4 - 6 kV distribution gear for works supply. 


Generator-transformer units are very heavy and there is no special 
area available in the engine room. It is presupposed that the trans- 
formers can be repaired and inspected in situ. 


The transforrers are made smaller and more accessible by forced oil 
cooling and radiator-type air-coolers. 


The weight of that part of the transformer which is raised during 
repairs is reduced by making the tank sides and tap detachable from the 
bottom so that the transformer can be stripped without lifting the core 
and windings. The part of the tank to be lifted weighs about 55 to 6 
tons, whereas the core is about 200 to 250 tons. 


On erection the transformers are taken from the transporters and 
mounted on their foundations by winches and jacks etc. They are de- 

vered ready for inspection and use, only slight adjustments being 
required. 


Pig. 11 illustrates the method of inspecting and repairing the trans- 
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formers. The +7-shaped tower is placed over the transformer in the 
same piane as the main axis of the transformer. Its width depends on 
the length of the tank without radiators (9.5 to 10 m). It is fixed at 
12m. The tower must be high enough to lift the tank by longitudinal 
and transverse braces which greatly reduces the distance between the 
hooks of the hoist and the ground, This distance is about 15 to 16m 
The tower is dismantled by an ordinary lorry-mounted crane as no part 
weighs more than 5 tons. 


Fig. 10. Layout of the electrical equipment at 
the unit control panels (a, 6), the central con- 
trol panel (c) and the 0. 38 kV distribution gear 
1 - unit control panel; 2? - intermediate cable 
run; 3 - the 0.38 kV distribution gear; 4 - 
cable basement; 5 - central control panel; 6 - 
d.c. panel; 7 - the 0.38 kV distribution gear; 
8 = the d.c. boiler control panel; 9 - conver- 
ters. 


For the outdoor distribution gear of all voltages, use is made of a 
“centre arrangement” with all line and transformer circuit breakers in 
one row. The busbar isolators are stepped as in Fig. 12. The ‘‘cross- 
pieces’’ joining the isolators of the two sets of busbars are now under- 
nearth the busbars. This reduces the height of the pylons, simplifies 


104 New Russian power stations 


their construction and allows the use of reinforced concrete sections, 
The same hollow reinforced concrete pillars are used for the outdoor 
distribution gear as for the transmission lines. Sectional reinforced 
concrete structures are also used to support the distribution apparatus. 


Owing to corona conditions, the leads of the 500 kV outdoor distri- 
bution gear are to be aluminium conductors with steel cores. Each phase 
at present consists of three such conductors but the new hollow AP-500 
type aluminium conductors will make it possible for each phase to con- 
sist of two such conductors. 


Z a 7 
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Pig. 11. ‘“%pliance for inspecting and repairing 
the transformers at the outdoor distribution gear: 
1 - tower; 2 - A-shaped boom; 3? - rope from 
support to boom; 4 - rope from boom to winch; 

5 - brake cable; 6 - pulley block; 7 - the 5 ton 
winch for lifting the tower; 8 - tower shoe. 


The groups of 110/220 and 220/500 kV auto-transformers are arranged 
adjacent to the common points of the appropriate distribution gear. 


The outdoor distribution gear may be sited in front of the engine 
room to the side of the engine room which is clear, or behind the coal 
store (Pig. 13). 


In the latter arrangement each 110-330 kV booster transformer and 
group of single phase 500 kV transformers has a single-circuit steel 
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anchoring support 67 « high with the conductors in the horizontal 
position. 


The height of the support depends on the distance between the con- 
ductors and the highest point of the main building (Fig. 15), The 
chimney stack acts as the next support for two 110-330 kV circuits or 
one 500 kV circuit. The conductors are secured on the stack at a point 
along ground level depending on the height of the anchor column and the 
permissible sag of the conductors (stress of 1.5 kg/mm’). 
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Pig. 12. Layout of the outdoor distribution gear 
in relation to the main building: 

a- version 1, 6 - version 2 c - version 3. 

1 - main building; 2 - coal store; 3 - the 500 

kV outdoor distribution gear; 4 - the same, 220 

kV; 5 - the same, 110 kV; 6 - axis of the boost- 

er transformers; 7 - axis of the chimney stacks. 


c) 
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No supports are fixed on the roof of the main building as this is 
constructed of sectional reinforced concrete units. A very large saving 
in cable has been made. 


Control 


The various control devices are operated from the various unit con- 
trol panels. A control panel is installed between each pair of adjacent 
units. 


The unit control panels are coordinated with the 110, 220 and 500 kV 
genera] station contro] devices on a central control desk in the main 
building. !lanual control and visual inspection has been replaced by 
automatic controls to the maximum possible extent and maximum decentra- 
lization has been the ain. 


Remote control and inspection devices have only been retained for 
work which cannot as yet be made fully automatic, for the standby con- 
trols of essential automatic devices and for inaccessible or very re- 
pote control objects. 


To reduce the size of the unit and central] control panels, all the 
relay protection and automatic devices are placed near the apparatus or 
objects which they protect or control. 


Pig. 15 shows the central control] panel. 


A small despatcher-type panel is used to supervise (watch) and co- 
ordinate the station equipment and contro] panels. 


Provision is made for automatic optimization of the distribution of 
the “active” and “reactive’’ loads between the units. 


Ad.c. voltage of 48 to 60 V is used to facilitate the use of soldered 
connexions and lightweight cheap cables. 


It is planned to apply automation to all the boiler operations (con- 
bustion, water supply, coal pulverization, draught and air blast etc). 
and to the protection of the main and auxiliary equipment. Technological 
“blocking” and automatic connexion of standby equipment is employed 
Boiler cleaning will also be done automatically. 


The turbine unit is automatically controlled and regulated under 
normal operating conditions and automatic protection is provided. 
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The fuel supply, water supply, and chemical water purification will 
be mainly automatic and technological “‘blocking”, automatic protection 
and automatic connexion of the standby equipment will be provided, 


If the equipment or automatic devices cease to function properly there 
is an alarm system to call the appropriate personnel. 


A central communication system is used for inspection purposes to 
provide printed information, statistical control and inducation of mal- 
adjustments. 


Multiple — camera television equipment is provided to review the 
decentralized control panels and observe the combustion process and 
state of the equipment. 


Further automatic devices are to be installed as they become avail- 
able with the ultimate aim of applying complete automation to each 
entire station. 


Conclusion 


Such big power stations were not a practical proposition wntil the 
large 330 and 500 kV transmission systems had been developed. 


Work has been proceeding since 1957 on the production of steam tur- 
bines up to 300 MW, turbo-generators up to 300 MW with forced hydrogen 
cooling and water cooling of the stator windings, 110, 150 and 220 kV 
three-phase transformers, 220/110 kV auto-transformers of 120, 180 and 
240 MVA rating, 330 and 500 kV transformers and auto-transformers, 110 
kV and 150 kV air blast circuit breakers with rupturing capacities of 
6 GVA, 220 kV breakers with rupturing capacities of 10 GVA, 330 kV 
breakers with a rupturing capacity of 10 GVA and of 500 kV for 12 GVA, 
totally enclosed single- and two- speed outdoor motors for the auxiliary 
equipment of the boilers, hydraulic clutches for controlling the speed 
of the feed pumps and compact totally enclosed conductors for generators 
currents of 6, 7.5 and 9 kA 


It cannot however be said that the U.S.S.R. occupies a leading world 
position in these matters as it does in hydro-electric power and long 
distance transmission. The rate of production of the large units re- 
quired for fuel-fired power stations is not keeping pace with demand, 
About 6000 MW of new power is now being produced annually. This figure 
is to be increased to 12,000 MW by 1965, 18,000 MW by 1970 and 25, 000 
MW by 1975. The electrical industry will have to produce still larger 
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units if this programme is to be fulfilled. 


It takes four to five years to design and actually produce a new 
large set. A start must therefore be made at once on still larger 
equipment if the requirements are to be satisfied in the period after 


Turbine and generator factories are already engaged on the develop- 
ment of single-shaft 500 MW units and twin-shaft units of 800 and 1000 
MW. But long term planning requires that boiler, transformer and 
switchgear works should be following suit. Research and development 
should commence on three-phase a.c. transmission of 750 kV and d.c. 
transmission of + 700 kV together from fuel-fired power stations with 
units of 500, 800 and 1000 MW. 


Translated by O.M. Blunn 
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A STATISTICAL METHOD OF ESTIMATING THE 
RELIABILITY OF ELECTRIC LOCOMOTIVES* 


I.P. ISAEV (Moscow Institute of Railway Engineers) and 
V.S. SONIN (Urals department of the TsNII MP6) 


(Received 6 April 1960) 


Estimates of the reliability of the individual units in the power 
circuit of electrical locomotive and of the system as a whole are re- 
quired before better control systems can be devised. 


The electrical equipment of an electric locomotive can fail suddenly 
because of latent defects or gradually wear out in use. Here the in- 
portant factors are the standards of production and erection and the 
operating conditions. 


On the one hand the utilization of the locomotive can be complicated 
by faults in design or erection, and on the other, the electrical, 
mechanical and thermal strength of the locomotive can be upset by in- 
correct use. 


These various factors may be of a regular nature (e.g. non-uniform 
loading of the motors, amount of cooling air etc) or else random (break- 
down of the insulation, rupture of the leads, incorrect operation of the 
relays etc). 


The reliability of an electric locomotive can be reduced by all these 
factors. 


Up to the present time the reliability of an electric locomotive has 
only been conceived in a purely qualitative sense. But it has been 
shown by an analysis of operating experience with electrified railways 
that a quantitative definition is also possible. 


The power and control circuits of all electric locomotives consist of 


* Elektrichestvo, 3, 18- 22, 196 1. 
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a large number of separate units, each of which can be regarded as a 
set of component items. Although certain wits may be connected in 
parallel in operation, the reliability of a locomotive depends never- 
theless on the reliability of each component item. Since the operating 
conditions vary even for the same type of item, it follows that a 
statistical approach must be followed [1-3). 


We will define the operational reliability of an electrical locomo- 
tive (scheme) as the probability of faultless operation over a given 
distance for defined tolerances in the production and installation of 
the units under given operating conditions. FEvery random fault a, in 
a unit is then defined as a function of the distribution density of the 
probabilities A(t) or as the probability of a fault over the given 
distance (0, L): 


p(a,) A (L)dL (1) 


Conversely, the probability of faultless operation of this unit is: 
— p(2,). 


The reliability of the locomotive circuits can therefore be estab- 
lished by the relation between the probability of the individua)] items 
being reliable and the probability of the whole circuit being reliable, 
i.e. by forming the reliability function of the systen. 


Since the whole system is out of order if any of the « items fail in 
the locomotive circuits, the general reliability function of the whole 
system therefore takes the forn: 


m 


p (a,)). (2) 
An analysis of this expression provides certain relationships which 
can be verified by operational data and these relationships can be used 
to solve certain new problems, 


Operational faults in the electrical equipment’ and power circuits. 
The power circuit of an electric locomotive is composea of + independent 
units all of which may fail independently of another failure. Cunse- 
quently, the reliability function on the basis of expression (2) can 
take the form 


R=1— fj! — p(a)] (3) 
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Since the system must possess a high degree of reliability, its 
unreliability can be approximated in the form: 


R= p(a,)+ p(2,)+..-+ p(2,)s 
where p (a@,) is the probability of the individual units failing. 


When considered with (1), we get: 


L l 


R=(a,(L)dL+ (a, (L)db + (4, (L)dL 


Suppose we put A for the function of the density distribution of the 
probability of failure in the power circuit as a single whole, then 


R=(A(L)dL, (4) 
where 
A (L)= 


Thus, the distribution density of faults in the power circuit equals the 
sum of the distribution densities of faults in the units. Having the 
statistical distribution of the faults in the units of the locomotive 
system as a function of its distance travelled, we can either define the 
reliability of the system for a given distance, or with the adopted 
probability of faultless travel, for a given degree of reliability of 
the locomotive system. 


As an example we will consider the available data for faults in the 
units in the power circuits of d.c. locomotive equipped with DPE-400 
type traction motors. An analysis of these data has shown that 36% of 
electric locomotive breakdowns are attributable to the units in the 
tractionmotors, 31% to the electrical apparatus and 3% to the auxiliary 
machines, 


Table 1 lists the particular faults causing the failure of the least 
unreliable unit in locomotives (the motors) as a percentage of the total 
number of faults. 


Table 1 shows that the most unreliable unit in the traction motor is 
the armature. 
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TABLE 1 


Motor unit | Paults, 


Armature 
Brush holders and brackets 
Cable leads and cross pieces 
Bearings 

Main poles and compoles— 
Other .. 


— _— - — 


These data have been statistically treated and a bar jiagram produced 
faults over the units of the SP&-400 type 


for the distribution of the 
1). We have also ana- 


traction motor as a function of distance (Fig. 
lytically established the functions for the distribution density of the 


probability of the individual units failing with distance (Table 2). 


TABLE 2 


| probability density 
Motor unit of faults Aa 


Armature 


Brush holders and brackets | 786-0. 


Cable leads and cross pieces .. 0.038170. 232,-0. 129 


Bearings | 0.0185z~ 456 


Main poles and compoles .. 


0979 ,-0. 219 


Using these analytical expressions it can be shown, for example, that 
the reliability of the armature is 0.69, that of the brush holders and 
brackets 0.968, the cable leads and crosspieces 0.935 and main poles and 
compoles 0.932 for an average distance travelled before repair (400,000 


km). 


Uonsequently, using (2), the reliability function of the locomotive 


power system is 
4 


P = J] [1 — p(&)|= 0.69.0,968.0.935-0.932 = 0.53. 
! 
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This means that about 53 of every hundred traction motors are free 
of faults up to the mean repair. 


An analysis of armature faults shows that they are mainly due to the 
breakdown of the winding insulation. 


It is therefore of practical value to obtain an estimate of the 
probability of a failure of the armature winding insulation for the 
various production standards, 


Frequency A,, % 


Pig. 1. Histogram of the distribution of faults 
in the components of DPE-400 type traction motors. 


Fach conductor and each section of the armature winding is insulated 
and fitted separately and there is no relationship between variations 
in binding tension, insulation thickness, or other such technological 
factor. We can assume that the law governing the distribution of 
mileage covered prior to breakdown due to the insulation of the arma- 


ture winding is normally distributed about the mean mileage of the loco- 
motive. 


Suppose we put A. for the probability of a breakdown in the insula- 
tion of an individual section of a winding and A, =n A, the proba- 


bility of a breakdown in the insulation of an armature winding with n 
slots. 


We then get: 
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where x 


Consequently, 


where @/x) is a Laplace function. 
Since for PPE-400 type traction motors 
A, 0,04 and n = 57, 


it follows that ; he 
(x) = 0.489, 


which corresponds to = 2.3 and, consequently, to 2.33, 5. 


Now, if we assume for purposes of comparison that the probability of 
the armature winding remaining intact must be at least 0.9, we then get 


+= 3.6 and / —L—3,6:,, in a similar way. 


This implies that given the type of insulation material and similar 
operating conditions, a 90% probability of the winding remaining intact 
requires an alteration in the method of production which will ensure 
that the mean square deviation in mileage of the locomotive To does 
not exceed 0. 64 


Incidentally, in integrating the analytical relationships in Table 2 
for the distribution density of faults in traction motor units with 
respect to mileage, we can define the faultless mileage for a given 
degree of reliability as the value of L corresponding to the integral 


in question. 


The effect of tolerances. Definite tolerances are allowed in produc- 
tion and repair for the current J, voltage U and speed n etc. 


These allowances cause a change in the function of the density of 
unreliability of the locomotive system equal to 


m 


d\ = di, 
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where da, dq; 
y 


a — the number of nodes in the system; 

k — the number of items in the i-th unit; 

p — the number of standardized parameters of the i-th unit, and 
q - a particular standardized parameter of the unit 


In its general form the distribution density of faults in the i-th 
unit of the system can be represented in the form (see Table 2): 


a 
4; aL é 


Therefore, 


11. = = 
i i 


Thus, the estimation of tolerances merely involves determining the 
increment in the functions of unreliability of the system from the given 


parameters. 


As an example, the effect of divergence in the characteristics of 
DPF-400 type traction motors or the unreliability of their armatures 
can be estimated from (5) by the increment 


0 0.83 —0 7 dL 


in which the function of the unreliability density A, is taken from the 
first line in Table 2 and the load divergence d/J is defined in terms of 
the standardized divergence dn of the speed characteristics of traction 


motors in the form: 


For example, given the mean repair, the maximum divergence of the speed 
characteristics of DPE-400 type traction motors is + 9.5% (for the 
appropriate air i tolerances) corresponds to a maximum load diver- 


gence of + 0% (4 


A/ == An. 
al | 
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The term in (6) for the rate of variation in the mileage covered 
as a function of the load is conventionally defined as the ratio of the 
mileage between repairs 4! to the difference in loads 4/ on the trac- 
tion motors between two consecutive repairs as measured by the diver- 
gence in the speed characteristics of traction motors during period 
overhauls (Fig. 2). This definition is used since no statistics are as 
yet available about variations in the characteristics of traction motors 
with operating time or mileage. 


Pig. 2 The effect of tolerances on the reli- 
ability function of a locomotive unit. 


As an example, for running repairs and periodic overhauls of traction 
motors 


AL 


M4 
aT 6.7x10° km/A 


Using (6) we can find the change in the function of the density of 
unreliability of the armatures of DPF-400 type traction motors (after an 
average overhaul): 


69 | 407|6 7x10? 
1 “12.108 
— — 


It follows from this example that deviations in the parameters of a 
locomotive scheme may have a substantial effect on operational reli- 
ability. 


For a fuller estimate of this influence it must be borne in mind 
that the statistical distribution of the deviations in the parameters 
between the limits of the field of tolerances is usually governed by a 
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normal Gaussian law [4]. Therefore, supposing ve can estab- 
lish that the distribution density of the probability of defects in the 
items of a scheme due to allowances for parameters is governed by a 
Gaussian law with a mean value A; of the probability of defects and a 
standard deviatioh 

Pp 


i 


- /a = 2 
\ L : dq 


where - is the deviation in the distribution of the parameter ¢ of 
the i-th item of the systen. 


Similarly, from (4) we can estimate the effect of allowances on the 
reliability of the whole locomotive system by the parameters of the 


A 
YEAR Gaussian distribution in the form and 


196] \2 


Using these we can determine the reliable travel of an electric loco- 
motive with accepted probability of defects by a Laplace function in 
the form: 


L=L—ts,. 


The technical specifications (TU) and State Standards (GOST) which 
lay down the allowances for deviations in the parameters of the items 
and units in the electrical circuits of electric locomotives thus de- 
fine the probability of reliable operation over a given mileage as well 
as the operational characteristics and power utilization of the loco- 
motives, 


The relationships which are obtained in this way can be used in the 
development of power and control circuits for new types of locomotive 
as well as for operational purposes in order to reduce the probability 
of defects in the individual units. 


In addition, this method can be used to estimate the number of standby 
parts and arrange repair schedules etc. 


Reliability of electric locomotives 


The solution of such problems must be based on the cost analysis of 
alternative arrangements. 


Translated by O.M. Blunn 
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THE RELATIONSUIP BETWEEN THE INTERNAL LOSS 
AND REACTIVE OUTPUT OF SYNCERONOUS 
MACRINES* 


Professor I. A. SYROMIATNIKOV 


(Received 21 October 1960) 


To solve the problems connected with the choice of the rated power 
factor of synchronous machines and the efficient allocation of reactive 
output between individual sources, we need to know the marginal loss 
and how the losses in synchronous machines vary with their reactive 
output. 


In synchronous generators and motors where the losses caused by the 
active output are constant, the internal losses caused by the reactive 
output depend on the losses in the stator and rotor windings. Here the 
variable internal losses in the stator vary in proportion to the square 
of the reactive power. But the losses in the rotor winding are gover- 
ned by a much more complicated law [1,2]. 


Ve will use the following notation: 


AP, , - stator winding loss, including the additional losses, under 
rated conditions; 
AP, , - excitation winding loss under rated conditions; 
ler the rated excitation current; 
I 


the excitation current for an active load P, = BPs and 
cos $ = 1; 
B - damping coefficient; 


el 


y= BP,, - the consumption of active power from the network for a 
motor or that supplied to the network for a generator; 


P,, — the same but on rated load; 


* Flektrichestvo, No.3, 44-48, 1961. 
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Q@ - the reactive power of the machine load; 


the rated reactive power; 


S . total output; 


I. — the excitation for the active load = BP, or the 
reactive load 


0; =a’, - the reactive power for operation on the active load 
; = APy, with rated excitation current; 
Tee and Tego - the active and reactive components of the stator current. 


The losses in the stator due to the reactive power are 
rene “Ys. Sin"? (1) 


The losses in the rotor in synchronous generators and motors depend 
on the reactive power of these machines: 


4S4P =AP (2) 
‘*el e.r 


The rotor current can safely be found from the following formula as 
a function of the reactive power 


Q 
1 
Substituting the ratio 
le le Q 


in formula (2), we get: 


= 
SP. (1 - 2k, (1 |: 


where k= 
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The total losses depend on the reactive power 


‘ r 2 
r 


Suppose we put 


A=AP sin*9 4 Mert 
s.r 


a- 


and 
B k,) 
We then get: 
AP 
reac 


(5) 


(6) 


(7) 


In synchronous compensators and variable losses in the stator vary in 


proportion to the square of the reactive power: 


ap —sap & 


The total losses in the rotor are founa by tne formula 


e.nl 


where Ie.n) is the excitation current on no load. 


Putting &,) = » we get: 
e.r 
var nit (I nl Qr 


The total losses are 


(8) 
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Q 
(9) 

+ 

where 
+-SP k* ; (10) 
er nl 

A=AP .+-AP (11) 

er nl 
&k il k ); 


and 4p, represents the constant losses. 


The excitation currents J,,, and J, ,, and the reactive power () have 
been found by a graphical-analytical method using a vector diagram of 
the machine. The coefficients hy and @ are defined by the formulae: 


/ | + cosy, (12) 
+2xy sing,” 


x4 sin fr 


(14) 


Fig. 1 shows (1-k)? and 2 as a function of +, for B = 
0.75 and 0.5 and cos ¢, = 0.8, 0.9 and 1. 


Fig. 2 shows the coefficients a and 


% 
x 


(15) 
d 


as a function of 8 for cos ¢, = 0.8, 0.9 and 1. 


Tests show that this graphical-analytical method gives much better 
results than Potier diagrams. Corresponding curves obtained by Potier 
diagrams are plotted in Fig. 1 for 8 = 1 by way of comparison. 


The reactive power should be distributed between its various sources 
on an equal marginal loss basis. The marginal loss is defined as the 
first derivative of the internal (active), which depends on the reac- 
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Fig. 1. The variation in 2k, (1-k) and (1-k,)? 

with x). a — when cos $, = 0.8; b - cos r= 

= 0.9; 1; ---- calculated by a 
Potier diagram. 
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tive power, with respect to the reactive power 


d (AF reac) 2AQ 


dQ (16) 

This proposition only refers to the condition when the sources of 
reactive power are connected in the same electrical circuit. The in- 
clusion of a source of reactive power in a circuit can only be decided 
if the fixed loss component is considered; if this is neglected, wrong 
conclusions may be reached. Thus, for example, it was found that a 
synchronous compensator (or generator used as a compensator) ought to 
be run with a very small load. But the actual reduction in the internal 
loss in the synchronous compensator itself (mainly fixed losses in this 
case). It was therefore only permissible to include the synchronous 
compensator in the network (or to leave it there) if the other sources 
of reactive power were fully loaded up to the limit, it therefore being 
impossible to distribute all the reactive load betw <n them. 


r 
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Fig. 2. The coefficient as a function of ty 
for cos a, = 0.9 (two upper curves) and cos 
r 70.8 (two lower curves) (a) and the coef- 
ficient a, as a function of xq for cos}, = 
= 1 (6). 
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The following Table shows the fixed loss components of synchronous 
generators (the mechanical and stator iron losses including the addition- 
al loss) and compensators. 


Generator Fixed loss component, 
kW 139 205 391 918 214 368 810 
Power, MVA 7.5 10 15 30 | 37.5 75 - 
Compensator 
C, kW 104 105 196 379 188 325 - 
YEAR © It follows from expressions (5) and (6) that the value of A and B as 
1961] well as the marginal loss all remain practically constant if the active 


power load varies. 


Consider the following example. It is required to find the active 
losses "oe which depend on the reactive power, marginal loss or 
the real load for 8 = 1, 0.75 and 0.5 in respect of a DSP-type synchro- 
nous motor of 1300 kW, 1520 kVA, 1500 rev/min, cos ¢, = 0.9, Q. = 660 k 
var, OP, B.6 kW, AP, 8.55 kw, P = 64.7 kw and 7 = 0.953. 


Assuming that s, = 1.6 and from Fig. 2 that 2k,-(1-k,) = 0.35, we 
then get for B= 1: 
A, = 0.436? - 28.6 + 0,05-8.55 = 5.86 kw 
B,=0.35-8.55=3 kw 
Q 
AP +3 Qr 
and 
+ = = 0.0178 00455. 


For 8 = 0.75 and B= 0.5, we respectively get: 


2 
Teac,75) + Qr 


The il u r es i n 
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Fig. 3. !arginal loss e¢ as a function of 


in synchronous compensators. 


Figs. 3 and 4 show the straight line marginal loss curves of various 
types of synchronous machine. 


The tancent of the angle of the marginal loss curve is defined by 
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the expression 


tan) 


The value of tan # is a minimum for synchronous motors and a maximum 
for synchronous compensators. Thus, for example, tan p= 7.4 to 17 for 
synchronous compensators, whereas tan ¢ > 1.2 to 2.2 for DS-type syn- 
chronous motors. 


Translated by O.M. Blunn 
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A NEW BRUSELESS SYNCHRONOUS ALTERNATOR FOR 
USE IN AIRCRAFT* 


L.M. PALASTIN 
(WWII) 


(Received 26 Nowember 1961) 


The electrical supply in aircraft has until recently been mainly d.c. 
However, high altitude flying has considerably increased the brush wear 
of the electrical machines due to the low humidity of the air at high 
altitudes and commutation has been adversely effected. The brush as- 
semblies have to be inspected and serviced much more frequently than 
the other units, whilst the dismantling and replacement of the machine 
because of brush wear is a time-consuming and costly operation. It has 
therefore become an urgent matter to eliminate the brush contact from 
the electrical machine in civil aviation and a number of other cases. 
In this connexion, there has been a comparatively rapid development of 
synchronous brushless alternators in the U.S.A. and U.K. for the a.c. 
supply of aircraft. 


Use is currently made of synchronous alternators of 4 to 130 kVA 
for aircraft purposes [1]. Alternators of such powers are usually pro- 
vided with separate exciters. The alternator rotor and exciter armature 
are usually mounted on the same shaft. Unlike general-purpose synchro- 
nous machines, use is made of a.c. exciters with a rotating a.c. arma- 
ture winding which supplies the excitation winding of the alternator via 
a rotating rectifier. 


The following observations can be made about the brushless a.c. 
alternators which have been used in aircraft [1, 2}. 


It is inexpedient to use comparatively large asynchronous alternators 
in aircraft owing to the considerable weight of the capacitors and the 


* Elektricheshtvo, No.3, 51-56, 1961. 
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Srusi 
r ntrolling anacitance 
ictor alternators iv‘ een ed in foreign and Russian 
a raft for s hase hi frequency load f relatively low power. 
The normal re rement w for ree e alternators of 400 c/s 
wit 1 smal] mber f es and it is inexpedient to use inductor 
rnator r f y wever stification for 
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ct I ipme! 
,lternators are heavy and there are difficulties 
ilatic that ey are only used t 1 limited extent. 
ternators with excitation from permanent magnets have also been 
road ar n the PR t pp ly single and three-phase 
C is at ’ quencies it machines have not until 
v heen used for outputs of the order of several dozen AVA owing 


1ifficulties involved 


tating permanent ma; nets wit 

ical strength. 
eculating the output vol 
opolar alternators 


Ss. S. R. In these machines 


the frame and shields are used in the magnetic 
one or two fixed annular excitation windings; 


nroduced by 


+hrouch the stator, which is external to 
then through two additional air 
the shaft into the air gap stamping 
machines have not been widely used owing 
and the difficulties involved in providing 


tilation. 


Alternators with a fixed 


number of American firms under 
machines of the foregoing type by arranging the 


reduced compared with 


magnetic flux in +he constructional parts 


inductor of the alternator. 


that a comparatively large excitation is required. 


duction of such alternators 


they have not been extensively used owing to the 
Such machines may be useful for low outputs. 


in ventilation. 


cynchronous brushless al 
‘otating field system, the 


imetion of relatively large ro- 


ne pre 


h the requisite magnetic properties and 
Neither is there any simple and economical means 


tage of alternators with permanent magnets. 


have been produced both abroad and in the 


constructional parts of the machine, i.e. 
circuit. The flux is 

it passes 

the yoke (or frame) and shields, 
gaps into the rotor shaft and from 
of the machine and the stator. These 
to their laree weight and size 


adequate excitation and ven- 


excitation winding have vpeen produced by a 
the name “Seskin’’ Their weight has been 
which enter into the rotating 
The magnetic circuit has four air gaps so 
The design and pro- 
is quite a complicated matter however and 
difficulties involved 
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FPrushless synchronous alternator 


via rectifiers from the armature of the a.c. exciter. The rotor, 
excitation armature and rectifiers are all mounted on the same shaft. 


Until recently, the production of brushless machines has been limit- 
ed by the absence of semiconductor rectifiers with the requisite re- 


Such alternators are free of the cited disadvantages. They are lighter 
in weight and more compact than the normal synchronous alternators with 
d.c. exciters. 


Brushless synchronous alternators with an a.c. exciter and permanent 
magnet “sub-exciter’ were proposed in 1955 by Bertinov [2]. A similar 
type of brushless synchronous alternator was produced in Great Britain 
in 1958. 


Fig. 1 illustrates the British 40 kVA alternator on show at Farn- 
borough in September 1958. The silicon rectifiers are mounted in a ring 
with their axes transverse to the axis of the shaft. The self-excita- 
tion of the alternator is provided by an auxiliary exciter in addition 
to the a.c. exciter. This auxiliary exciter is a synchronous alterna- 
tor with excitation from permanent magnets. 


The main and auxiliary exciters are machines with relatively large 
diameter armatures and short “active” length. The rotors of the 
exciters are disposed on a ribbed bush which can be slipped over the 
shaft. The space between the ribs of the bush allows for ventilation 
since there is very little aerodynamic resistance to the air entering 
the whole machine. 


Short exciters with a relatively large diameter have a large number 
of poles and generate voltages of a higher frequency than that in the 
main alternator. Such exciters have the advantage of a short time con- 
stant which leads to a rapid recovery of the alternator voltage in the 
event of sudden load fluctuations. 


The British company followed up with an improved version in which the 
auxiliary exciter was repositioned at the end of the armature of the 
main alternator on the drive side. This reduced the total length of the 
machine without adversely affecting the ventilation. 


Brushless synchronous alternators have also been produced by other 
British and American firms for outputs up to 150 kVA 


Their main disadvantages are as follows: 


1. Special measures must be taken to provide self-excitation and 


liability, small dimensions, heat resistance and mechanical strength 
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these adversely affect the characteristics of the alternators. The use 
of a third machine with a similar outside diameter to that of the main 
generator and exciter considerably increases the weight, size and cost 
of the unit. 


2. The large excitation power of an exciter with electromagnetic 
excitation is due to the large nunber of poles. 


3. Vulti-pole exciters with electromagnetic excitation are very conm- 
plicated to make. 


4. The power of the electromagnetic excitation winding of the main 
alternator is disproportionately large compared with other generators. 


5. The time constants of the electromagnetic excitation windings of 
the main alternator and exciter are relatively large. 


Brushless synchronous alternators with 
mixed excitation 


The weight and size of brushless synchronous alternators can be 
greatly reduced if the auxiliary exciter is eliminated and sel f-excita- 
tion provided by the main exciter. This also improves the characteris- 
tics and reliability of the alternator. 


The author has patented [3] a brushless synchronous alternator with 
mixed excitation (Fig. 2). The main alternator is of conventional con- 
struction having a fixed external armature 1 and a rotor with an ex- 
citation winding 2. The a.c. exciter has a fixed external controllable 
field circuit with excitation from permanent magnets and with a rotating 
armature 4 which supplies the excitation winding of the main alternator 
via rotating rectifiers 5. The exciter therefore combines two types of 
excitation, i.e. that from the permanent magnets and electromagnetic 
excitation. Each pole of the field circuit consists of one or two 
permanent magnet bars 7 and the magnetic shunt 6 made from soft magnetic 
steel. The inductor accommodates the coils of the regulator winding 3 
which is supplied with direct current. 


Under normal operating conditions the excitation of the alternator 
is produced by the joint effect of the permanent magnets and the con- 
trol winding of the exciter field. Self-excitation of the alternator 
is provided by the permanent magnets of the exciter. The flux of the 
permanent magnets passes through the air gap and the exciter armature 
and is partially shunted by the magnetic shunts which increase the 
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leakage fluxes of the permanent magnets. The current in the control 
winding is in such a direction that the magnetic flux which it produces 
in the poles of the exciter is in the same direction as the flux pro- 
duced by the permanent magnets. Hence the flux in the shunt due to the 
control winding is in the opposite direction to the leakage flux of the 
permanent magnets which is shunted through this same shunt. If it is 
necessary to increase the flux in the air gap of the exciter, the mag- 
netic flux of the control winding draws the leakage flux of the magnets 
from the shunt into the gap. 


The main alternator voltage is controlled by varying the flux in the 
exciter gap. This leads to a change in the flux in the gap of the main 


alternator. 


Fig. 2. Longtudinal (a) and cross (6) sections 
of a brushless synchronous alternator with mixed 
electromagnetic and permanent magnet excitation. 
1 - armature winding of main alternator; 2? - ex- 
citation winding of main alternator; 3? - control 
winding of exciter; 4 - rotating armature wind- 
ing of exciter; 5 - rotating rectifiers; 6 - 
wagnetic shunt of soft magnetic steel; 7 - per- 
manent magnets. 


To contro] the alternator voltage, the contro] winding of the exciter 
must produce an m.m.f. which compensates the effect of the voltage reac- 
tions and drops in the armature circuits of the alternator and exciter. 
Here the control winding requires much less excitation power than an 
electromagnetic rotor (inductor) of equal volume since the main part of 
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the excitation flux of the exciter is provided by the permanent magnets. 
In the exciter with the electromagnetic field, the control winding must 
produce an m.m.f, which ensures that all the magnetic flux passes through 
the magnetic circuit and which will also compensate the effect of voltage 
drops and reactions in the armature circuit. The control winding in the 
permanent magnet exciter has to produce a much smaller mm. f. since it 
regulates the total flux in the exciter gap by varying only a small 

part of it (i.e. the leakage fluxes of the permanent magnets in the mag- 
netic shunts). However, the main part of the flux in the exciter gap is 
provided by the permanent magnets. If we bear in mind that the magnetic 
energy of a permanent magnet can be greater than that of an electro- 
magnet of the same size, it immediately becomes clear why the excitation 
is reduced so much, 


It is quite expedient to reduce the excitation power or the weight 
and size of the main alternator to reduce the electromagnetic time con- 
stant of the main excitation winding by providing the alternator with 

YEAR combined electromagnetic and permanent magnet cxcitation. 
196] 

If the supply frequency must be high, the alternator can be provided 
with a salient pole rotor with mixed excitation. - The advantages of this 
construction are already well known [4,5,6]. For the normal a.c. supply 
frequency the alternator can be provided with a rotating salient-pole 
exciter with mixed excitation. 


Most of the permanent magnet flux in salient pole rotors with mixed 
excitation passes into the gap, but a portion is shunted in two side 
shunts by increasing the leakage flux of the magnet. The coils of the 
excitation winding around the magnet bars with magnetic shunts regulate 
the flux in the gap by acting upon the leakage fluxes of the magnets 
which are shunted in the magnetic shunts. Consequently, if the basic 
dimensions, electromagnetic loads on the machines, and the parameters 
and dimensions of the magnets, magnetic shunts and excitation windings 
are all correctly chosen, variable voltage machines with permanent rar- 
nets have a number of real advantages over similar machines with elec- 
tromagnetic excitation as shown by tests. 


We will give the details of tests which have been carried out on two 
identical machines with two permanent bar magnets per pole made from 
‘magnico” alloy and electromagnetic excitation as used for the exciters 
of brushless synchronous alternators. 


Certain characteristics are expressed in relative units to assist 
comparison, 
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No load characteristics 


For purposes of comparison, Fig. 3 shows the test no load character- 
istics (the no load voltage at the terminals of the armature windings 
of the exciter as a function of the m.m.f. of their excitation windings 
at rated speed). Fir. 3 also shows the variation in the no load voltage 
as a function of the power of the excitation windings. It will be seen 
from a comparison of these curves that the excitation winding m.m.f. is 
1.0 and 1.85 respectively for the permanent magnet exciter (curve 1) 
and that with electromagnetic excitation (curve 2) given a specific no 
load voltage. This shows that the total excitation winding m.m.f. of 
permanent magnet exciters is much less, other things being equal, than 
that of an exciter with electromagnetic excitation. Such a considerable 
reduction in the excitation ampere-turns causes an even greater reduc- 
tion in the excitation power since the latter varies in proportion to 
the square of the ampere-turns for a specific volume of copper. 


Fig. 3. The no load characteristics (————) 
and variation in the no load voltage as a func- 
tion of excitation power (- -- .) for permanent 
magnet exciters (curve 1 and 3) and electro- 
magnetic exciters (curves 2 and 4). 


It will be seen from a comparison of the variation in the no load 
voltage as a function of the power of the excitation windings that the 
letter is 1.0 and 3.04 respectively for the permanent magnet exciter 
(curve 3) and that with electromagnetic excitation (curve 4). 


Consequently, the electromagnetic exciter requires three times more 
excitation power than a corresponding permanent magnet exciter. 


2 
Too 
(CI 
fifa % 
/ 
44 
0 is 20 25 40 


YEAR 
N96! 


Brushless synchronous alternator 141 


Incidentally, the voltage in a permanent magnet exciter can be in- 
creased 15 to 20% above its rated value without any significant in- 
crease in excitation power, whereas such an increase is impossible in 
electro-magnetic exciters owing to the saturation of the magnetic cir- 
cuit. 


Sel f-excitation 


The self-excitation of the foregoing alternators without a special 
“sub-exciter® or other appliance requires quite a large residual flux 
in the a,c. exciter or the main alternator. It is not an easy matter to 
produce the large residual flux in electromagnetic exciters as required 
for reliable self-excitation. But even when this can be successfully 
arranged, the magnetization characteristic of the exciter has a wide 
hysteresis loop which adversely affects the conditions for stabilizing 
the alternator voltage. 


This contradiction is eliminated by using a permanent magnet exciter. 


It can be seen from the curves in Fig. 3 that the residual] no load 
voltage in a permanent magnet exciter is 50% of rated. This is quite 
adequate for self-excitation. The magnetization characteristic has the 
same narrow hysteresis loop as an electromagnetic exciter having very 
little residual voltage at which self-excitation is not assured. The 
dimensions of the permanent magnets were chosen to ensure the minimum 
excitation power. If the excitation power is increased by 15 to 2 per 
cent above its minimum value. the volume of the permanent magnets can 
be fixed so that the residual voltage of the exciter is close to the 
rated value. 


The time constants of the excitation windings of 
the exciters 


The electromagnetic time constants of the excitation windings of the 
permanent magnet and electromagnetic exciters. Fig. 4 shows the ex- 
perimentally-determined variation in the time constant as a function of 
the excitation winding m.m.f.’s. It will be seen from Fig. 4 that the 
time constants of the permanent magnet exciter are 1.3 to 2.0 times less 
than in the electromagnetic exciter over the operating range. These 
data agree with those published by AI. Kantor, T.G. Soroker and others 
who showed that transients take place more quickly in machines with 
permanent magnet excitation than in machines with electromagnetic ex- 
citation. Permanent magnet exciters can therefore considerably reduce 
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the duration of transient ;!enomena in the control system compared with 
electromagnetic excitation. 
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Fig. 4. The time constants of the excitation 
windings as a function of their m.u.f. 
1 - for permanent magnetic exciters; 2 - for 
electromagnetic exciter. 


The magnetization of permanent magnets 


The permanent magnets of electrical machines are usually magnetized 
by special magnetizing plant. In practice it is not possible to achieve 
complete magnetization of the magnets in the assembled state owing to 
the negative effect of the air gap, the leakage permeance of the magnet- 
ic circuit and the fact that an adequate m.m.f. cannot be produced in 
the armature windings. 


In the proposed permanent magnet exciters the excitation winding 
directly embraces the permanent magnets and the total flux passes 
through the magnets along their magnetic axis. The permanent magnets 
can therefore be magnetized in the assembled exciter by the excitation 
windings by passing a high direct current along it for a short period 
of time. (This current is 3 to 5 times higher than the rated value). 
This is a very important point in the production and utilization of 
machines with permanent magnets. 


The effect of short circuit currents on permanent magnets 


Jn conventional synchronous alternators the permanent magnets are 
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demagnetized by short circuit currents so that their efficiency is 
significantly reduced. 


In the exciter in question and machines with mixed excitations the 
permanent magnets are protected from de-magnetization by the magnetic 
shunts. The total flux of the magnet is practically constant and the 
flux in the gap and leakage flux in the magnetic shunt are redistributed 
as a function of the magnitude of the de-magnetizing m.m.f. affecting 
the magnet. ‘iachines with mixed excitation therefore require no 
stabilization of the permanent magnets in air to compensate for either 
short circuit currents or the effect of the air. The energy of the 
permanent magnets is used to better effect than in other known types of 
permanent magnet machines. 


The following Table gives the main characteristics of the machines 
which can be used as a.c. exciters for brushless synchronous alternators. 


With With 
Characteristics permanent electromagnetic 
magnets excitation 

Diameter of armature, mm 85 85 
Length of armature, mm .. oe oe 40 4 
Length of pole, mm .. oe 38 
Height of pole, mm .. .. 16.6 16.5 
Width of pole core (magnetic shunt), mm.. .. 7 2 
Width of permanent bar magnet, m .. .. .. 10.5 - 
Length of permanent bar magnet, mm .. .. .. B - 
Induction in gap, %.. «+ 100 100 
Maximum excitation power, %.. .. «+ «+ «« 100 4 


From test results, the controllable permanent exciter has the follow- 
ing advantages over exciters with electromagnetic excitation: 


1. Reliable self-excitation of the synchronous brushless alternator. 


2. A considerable reduction in the weight and size of the alternator 
and an increase in reliability. 
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3. A considerable reduction in the excitation power of the exciter or its 
weight and size, other things being equal. 


4. Shorter electromagnetic time constant of the excitation winding. 


5. The cooling of the alternator is improved by eliminating the “sub- 
exciter” and accomodating the mixed exciter under the end parts of the 
armature winding of the alternator. 


6. Increased utilization of the energy of the permanent magnets due 
to the elimination of de-magnetizing factors. 


7. The permanent magnets can be magnetized in the assembled exciter 
without special equipment. 


8. There is a substantial reduction in size and weight due to the use 
of new alloys for the permanent magnets and their high specific magnetic 
YEA 
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ELEKTRICHESTVO No. 3, 1961 


Apparatus and Switchgear 


A Novel Graphical and Analytical Method of calculating the 
Magnetic Permeance of Electrical Apparatus. B.K. BOOL, (28-35) 


A simple and accurate method is proposed for calculating the magnet- 
ic fields of electrical apparatus and switchgear, for which the 
“potential grid’, relaxation and Leman-Richter methods are unsuit- 
able. The magnetic permeance (admittances) near the air gaps in the 
separate parts of the magnetic circuit and the magnetizing coils is 
taken into account so that the zones of the working and leakage 
fluxes are easily defined. The design of a particular magnetic 
circuit can then be estimated graphically. 


Automatic control 


Determination of the Phase-Amplitude Characteristics of 


Linear Systems and Elements from their Transient Behaviour 
S.Ia. Berezin, (pp. 64-69). 


Newly compiled tables are given to simplify the determination of 
amplitude-phase characteristics from the transient phenomena in 
linear control systems. 


Distribution 


A Study of the Electrical Loads in the Machine Shops at a 
Tractor Plant. 6G.M. Kaialov et al., (pp. 22-27). 


An account is given of the disposal diagrams (distribution curves as 
used by the Soviet Commission on load distribution in industrial 
undertakings in 1957-1960 to publish regulations governing the load 
distribution in industrial undertakings. The method was elaborated 
at the Gipro tractor and agricultural mechinery works in 1958-1959. 
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Insul ation 


Highly Heat-Resistant Winding Conductors. V.A. Privezent- 
sev, (pp. 76-82). 


The autnor reviews world experience in the insulation of windings 
(enamelling, inorganic coatings, glass fibre, oxide coatings and 
fluoroplast insulation such as ‘‘flexsolon” ), the protection of 
copper conductors from oxidation and the use of bi- and tri-metal 
conductors. Cu-Al and Ni-Cu conductors are recommended for 300°C 
(1500 to 2000 hr), and oxidized Al or Cu-Al-Ag (or Ni) conductors 
with glass fibre insulation can be used at 450-500° for limited 
periods. 


Power Systems 


Some Problems concerning the Utilization of the 
Stalingrad-Donbas d.c. Tramsmission System. N.M. Mel’ - 
ganov et al., (pp. 14-18). 


The proposed 750 M¥ + 400 kV d.c. transmission system linking the 
Stalingrad hydro-electric station and the large industrial Nonbas 
region in the Ukraine will join the Southern and European grids of 
the U.S.S.P. A study is made of the way to take the most advantage 
of this possibility. 


Rotating machines 


The Voltage of Self-Excited Synchronous Generators with 
Damping Circuits when Switching on a Lagging (RL) Load. 
G.F. Suprun, (pp. 48-51). 


The author shows how to calculate the variation in the voltage of a 
self-excited synchronous generator with damping windings on various 
loads (e.g. an RL load) and on no load. 


Braking a Motor by simultaneously forcing its Flux and 
reducing the Generator Voltage. N.P. Kunitskii, (pp. 
57-63). 


After a mathematical analysis of optimum motor braking time, a de- 
tailed account is given of the modifications made to the ionic 
system of excitation for the generators and motors of a certain 
reversible rolling mill in the U.S.S.R. which are claimed to achieve 
the optimum braking time of 9.623 sec under various flux forcing 
conditions at maximum braking current 2.046 A. 
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Measurement Techniques 


A Device for Measuring d.c. Currents up to 40 kA. OD.N. 
Nasledov et al., (pp. 70-73). 


This Russian device is similar to that developed in Western Germany. 
The intensity of the magnetic field is measured by means of Hall 
generators using indium arsenide. 'easurements are correct to 
within 0.7% This paper is said to be the first dealing with the 
parameters of such devices and their performance. 


A Constant Temperature Method of Measuring Power. V.S. 
Popov, (pp. 73-76). 


An accurate means of measuring power is proposed in which the charac- 
teristics of each pair of heat converters can have characteristics 
of quite arbitrary shape. The result is produced either in the form 
of a direct voltage or a small proportional increase in impedance, 
The method consists in artificially maintaining the temperature or 
electrical power constant during the process of measurement in the 
heater of one of the heat converters of the thermo-electric watt- 
meter. The device is said to be 10 times more accurate and of wide 
application. 


Null Measurement of the Dielectric Loss Angle. M.S. 
Mikitinskii, (pp. 87-88). 


A novel method is proposed for measuring the dielectric loss angle 
in capacitors and insulation which is more convenient than the ‘KEK” 


r 
or (bf bridge method, The measuring device consists of ca- 
r 


thode followers with a transfer constant of about 0.9. These 
followers are connected to separate screens with individual anode 
supply. Sensitivity as regards capacitance and impedance is of the 
order of 0. 1%. 


Transformers 


The Dielectric Properties and Stability of Transformer 
Oils 


Research has been undertaken into the production of transformer oil 
to ensure the right electrical characteristics and their immunity 
to oxidation in use. The adsorption method of production is recom- 
mended instead of acid-alkali purification. 
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Transistors 


Means of controlling triode switches. 0.A. Kossov, 
(pp. 35-44). 


A comparison is made between the various ways of controlling junction- 
type transistors operating as switches in power amplifiers with a 

d.c. output. The dissipated power is considered for various loads 
and then switching time, the angle of connexion and the mark-space 
ratio. 
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A MAGNETIC ROTATING - ARC ARRESTER FOR 
COMBINED PROTECTION FROM INTERNAL 
SURGES AND LIGHTNING STRIKES ON 
500 KV TRANSMISSION LINES* 


V.P. SAVEL’ EV, V.V. SHMATOVICH, 
PRUZHININA and V.K. PUGACHEV 


(Lenin All-Union Electrical Engineering Institute) 


(Received 25 July 1960) 


Introduction 


Plans have been made to reduce the level of insulation on the equipment 
used in 500 kV a,c. transmission lines to 2.5 U,: These plans are based 
on the use of appropriate arresters. 


In 1957 the All-Union Electrical Engineering Institute developed a 
“tervite”** arrester for protection from internal surges which is known 
in the U.S.S.R. as the “commutation” arrester. It is quite capable of 
limiting internal surges to 2.5 U, and its quenching voltage is 1.6 U 
[1]. But it affords no protection against direct lightning strikes 
with current surges up to 10 kA, This has entailed the use of a special 
lightning arrester which was also developed at the Institute and which 
is known as the “vilite” lightning arrester (“Vilite” is a Russian 
ceramic material which consists of SiC + clay and graphite, Trenelator), 
The operating resistors of this arrester have better non-linearity, but 
their current capacity is less and their quenching voltage is lower 


(1.3 U,) fi, 2). 
But the use of two types of valve arrester involved isolating the 
lightning arrester from the effects of internal surges and this posed 
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** Tervite is a special type of material used to make non-linear resistors 
(Translator). 149 
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very difficult technical problems, It was therefore decided to combine 
the functions of the separate “commutation” and “lightning” arresters 
in one combined magnetic rotating-are arrester. This arrester was 
developed by the Institute*® in 1958. 


The limitation of internal surges 


Internal overvoltages reach 3 to 4 U. under the various fault conditions 
which occur on 500 kV transmission lines under transient conditions. 

The arrester should restrict the surge to 2.5 U, or less and interrupt 
the current in the next half-period after its “free” (transient) com- 
ponent has decayed and the recovery voltage has dropped to the value of 
the quenching voltage of the arrester. 


The need to restrict intemal surges to 2.5 U_ determines both the 
puncture voltage of the arrester and the residual voltage on its oper- 
ating resistance. The operating resistance of the arrester should be 
as large as possible since the current is then a minimum. This also 
means that the rupturing capacity of the sparkgaps need not satisfy 
such demanding conditions, 


Calculations [3, 4], experiments on model 500 kV lines and field 
tests on a 400 kV network [5] all point to the conclusion that the most 
probable load on an arrester under transient conditions is an oscil- 
latory decaying discharge lasting three half-periods**: 


Half-periods Amplitude, A Length of wave, msec 
1 1, 500 2.5-3.5 
2 700-800 5 
3 250-350 5 


But most research laboratories usually find one half-period of 
current at supply frequency and 1500 A the most convenient for tests. 
Experience has shown that this load is no less exacting than the 
recommended three half-period load 


Thus an arrester which is intended to limit internal surges must be 
able to carry the instantaneous flow of current of the recommended three 


* §8.P. Erin, V.A. Filimonov, T.K. Ivanova and A.Ia. Sharlot took part in 
development work. 


** This conclusion has also been confirmed by research at the Direct current 
Research Institute. 
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half-period oscillatory discharge or its equivalent at the supply 
frequency. The puncture and residual voltages of the arrester must not 
exceed 2.5 UV. during internal surges, and the arc must be quenched for 
a sinusoidal recovery voltage of at least 1.6 U_ at approx. 50 c/s, 
Since the arrester itself gives rise to transient phenomena on inter- 
rupting the current, the steady state voltage at the point where the 
arrester is installed must not exceed 1.4 to 1.5 Uy: 


The type of sparkgap in the internal surge arrester and 
their arc-quenching capacity 


The sparkgap is one of the main items in an arrester. Those in the 
arrester under consideration consist of a series of individual gaps, 
The arc-quenching capacity 7 of this particular “multiple-gap” design 
can be defined as the ratio of the puncture voltage UVpunct to the 
quenching voltage U_ at which a specific current is reliably inter- 
rupted at supply frequency. 


In multiple sparkgaps of conventional RVS-type “valve” arresters 
Upunct 
the arc quenching capacity » = - = 2.0 to 2.5 for a current of 
q 

100 A. This arc-quenching capacity is clearly inadequate for the 
sparkgaps of internal surge arresters. That of the Institute’s mag- 
netic spark gaps with a rotating arc is much higher. (Qurrents up to 
250 A can be interrupted in the lightning arresters, whilst the punc- 
ture voltage is reduced to 2.5 UV, [2]. Later investigations have shown 
that their arc-quenching capacity is still high even if currents of 
1000 to 1500 A flow through the gaps for 0.01 sec. But the individual 
magnetic spark gaps of the internal surge arrester have smaller air 
gaps between the electrodes than the lightning arrester and their punc- 
ture voltage is lower accordingly (3 to 4 kViax)* 


The sparkgap (Fig. 1) is an annular slot between two copper elec- 
trodes 1 and 2 which are arranged concentrically in the horizontal 
plane. The electrodes are accomodated in a chamber formed by upper and 
lower walls 3 and 4. Double walls are used for the chamber (pressed 
paper on the inside and micanite on the outside). The walls are 1.5 mm 
away from the electrodes which prevents them affecting the puncture 
voltage of the gap. The electrodes are 3 mm thick and their operating 
surface is polished and carefully de-greased to facilitate the movement 
of the erc under the effect of the magnetic field produced by the per- 
manent ring magnets 5 and 6. 


152 Protection from interna] surges 


The gaps are connected together by means of the magnets, one magnet 
being set between each pair of snarkgaps, In this case the mm, f.’s of 
the magnets are summed and the induction in the gap is increased, The 
strength of the magnetic field in the air gap must be 700 to 800 oersted. 
Special auxiliary electrodes 7 and 8 are used to activate the sparkgap. 
In this way the impulse coefficient of an individual sparkgap in main- 
tained at 1.25 for a pre-discharge time of 0.1 uw sec, or 1.1 for lu 
sec. The scatter (variation) of the puncture voltage has been reduced 
to a minimum at supply frequency. 


Fig. 1. Am individual magnetic sparkgap. 


Fig. 2. A set of sparkgaps: 


1 Porcelain covering; 2? - sparkgap; 3 - mg- 
net; 4 ~ shunting resistance. 
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Four individual sparkgaps are arranged in a porcelain covering to 
form one sparkgap sub-unit (Fig. 2). Each such sub-unit is shunted by 
non-linear carborundum disk-resistors ‘(a= 0.35) to ensure a uniform 
distribution of the voltage over the sub-unit. The total conduction 
current of each sub-unit is 1200 pA at a voltage of 3600 V. Five sub- 
units and their disk-resistors are then assembled in a standard por- 
celain jacket to form the complete sparkgap unit. Thus a complete unit 
consists of twenty sparkgaps and the set of disk-resistors. 


The arc-quenching capacity of the arrester mainly depends on the 
properties of the individual sparkgaps. We will therefore consider 
their characteristics first. 


The arc-quenching properties of an individual sparkgap can be 
assessed quite conveniently in terms of “relative recovery strength” 
(the recovery strength calculated as a percentage of the puncture vol- 
tage). Fig. 3 shows the results of 100 measurements® of the relative 
recovery strength of an individual sparkgap alter carrying a current of 
1500 A for one nalf-period at 50 c/s. The puncture voltage of the gap 
is 4 


It must be borne in mind that the recovery strength of all the in- 
dividual gaps is not exactly the same and, as can be seen from Fig. 3, 
the results are quite scattered, A large number of tests are therefore 
always required before the lower envelope of the recovery strength can 
be determined, 


° 
20 
0 2 4 6 7 8 9 sec 


Fig. 3, The recovery strength of an individual magnetic 
sparkgap as a percentage of the puncture voltage. 


Some idea of the arc-quenching properties of the individual spark- 
gaps under different internal fault conditions was required, Tests 
were therefore made on the individual sparkgaps at the maximum puncture 
voltage 4kV using oscillatory decaying discharges of different ampli- 
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tude and duration (see Table 1). 


TABLE 1 
Length of 
Loads as in aoa each Amplitude of the current 
Fig. 4 half-peri half-period,| in each half-period, kA 
msec 
10 1.5 
2 2 10 1.5; 0.8 
4 4 10 1.4; 0.8; 0.5; 0.3 
4 3 5.3 1.4; 0.9; 0.5 
5 3 3.3 1.5; 0.9; 0.5 
6 , 5 1.5 


The lower envelopes of the recovery strength in Fig. 4 were obtained 
by measurements. The following conclusions can be drawn, 


An increased number of half-periods of a given duration in one 
oscillatory dischurge notably reduces the recovery strength. On the 
other hand, a decrease in the duration of the half-periods (below 10 yw 
sec) has the opposite effect and increases the recovery strength. From 
the point of view of recovery strength, loads 5 and 6 are “lighter” 
than the fundamental! load 1. 


It therefore seems advisable to consider test load 5 for estimates of 
the recovery strength; this is also the most probable load in practice. 
On this basis the quenching voltage of the sparkgap is not unjustifiably 
reduced, as this could otherwise limit the field of application of the 
arrester. 


In multiple sparkgaps we also require to know the total recovery 
strength of all the individual gaps together. 


Given a uniform distribution of the voltage over the individual 
sparkgaps, one would expect the “absolute” recovery strength to in- 
crease in direct proportion to the number of sparkgaps with constant 
relative recovery strength, 


But the distribution of the voltage inside each sub-unit of four 
sparkgaps is capacitive and the capacitance of the individual sparkgaps 
is not the same. The puncture voltage of each sub-unit is therefore 
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about 5 to 10 per cent below the minimum total puncture voltage of the 
individual gaps. This naturally would not reduce the relative recovery 
strength if the voltage distribution over the individual gaps were the 
same after the passage of current as before the breakdown. But the 
sparkgaps are filled with highly ionized gases immediately after the 
current has passed through zero and the voltage distribution is markedly 
changed both by conductance and changes in capacitance*,. 


The probability of low values of recovery strength must increase as 
more individua) sparkgaps are joined together since the recovery voltage 
is applied simultaneously to a larger number of gaps and a premature 
breakdown of any one of them usually leads to a premature breakdown of 
them all. A reduced recovery strength in multiple sparkgaps must be 
accepted and estimates which are based on the test results of individual 
gaps even if a large number of tests have been made should be treated 
with caution. It is better to use the results of tests on sets of two 
gaps or on particular sub-units (fuur gaps together). 


For a final assessment of the arc-quenching capacity of the multiple 
sparkgap cf the arrester, the arc-quenching capacity of the complete 
units had to be checked by the usual service tests, 


/ 

20 


0 7 2 Jj + 5 m sec 


Fig. 4. The recovery strength of an individual 
magnetic sparkgap under various loads. 


It can easily be shown analytically that when testing a finished 
unit under conditions equivalent to those existing in an actual arres- 
ter, it is essential to reduce the voltage of the system, the total 
resistance and the operating resistance of the arrester in proportion 
to any decrease in the number of sparkgaps, whereas the capacitances in 


* The capacitance of an individual sparkgap is about 50 pF and the capacitive- 
susceptance current is no more than 5 MkA at supply frequency and the pre- 
puncture voltage. 
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paralle] with the unit must be correspondingly increased, The short 
circuit current of the plant will then remain constant as well as the 


accompanying current (load current). 


Equivalent conditions were provided for the rupturing capacity tests 
carried out on finished units for 500 kV arresters. 


The principal results are given in Table 2, Each finished unit con- 
sists of five sub-units of four individual sparkgaps with a maximum 
puncture voltage of 3.4 kV (the 500 kV arresters are made of these 
sparkgaps). The puncture voltage of the finished units Uounct. fu was 
between 55 and 63 kV. The short-circuit current was between 1800 and 
3000 A for the “mean” variable e.m.f. in the various tests. 


TABLE 2 
Amplitude No. of Total number 
No. of | of inter- interrup- | of interrup- 
unit rupted ” tions in | tions in all 
current,A one cycle the cycles 
850 1.8 19 
77 1.5 19 
I R50 1.4 9 103 
460 1.4 16 
400 1.5 20 
° 1100 1.5 16 73 
450 1.6 19 
740 1.4 18 
630 1.5 21 
3 535 1.4 26 67 
670 1.3 20 
650 1.3 | 19 
4 800 1:25 16 35 
650 1.5 5 
1 300 6 
1 000 1.45 20 
1 000 7 27 
1 000 1.46 2! 
7 900 1.33 11 32 
1 180 1.4 11 


The load currents were controlled between 450 and 1200 A. In the 
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majority of the tests 7 was between 1.4 and 1.5, but in some series of 
tests it equalled 1.25 to 1.3. 


It must be pointed out that each complete unit was tested more than 
twenty times in almost every case, even though gaps with pressed paper 
laminations were only designed for up to twenty trials. 


It is of interest to compare the re-strike voltage of complete units 
as measured during the tests with the recovery strength of sets of two 
gaps under identical loads (Fig. 5). 


% v | | 
60 
3 
“4 
hd 
20 4 
0 t 
2 3 5 6 7m sec 


Fig. 5. The recovery strength of the magnetic 
sparkgaps and units in the combined arrester at 
a load of 1000 A with A, = 800 oersted: 

0 -—a set of two sparkgaps punct = 6.8 
X — complete unit (20 sparkgaps, Uounct. fu = 55 
to 64 kV): 61, 2, 3 - sinusoidal recovery 
voltages with amplitudes respectively 0.8, 0.75 
and 0.7 of the puncture voltage of the unit. 


This comparison shows that the lowest and least probable re-strike 
voltage in complete units is 15 to 20 per cent below the recovery 
strength of sets of two gaps for the lowest sinusoidal recovery voltage 


9.7 


re punct* 


This decrease in the re-strike voltage is probably due to the ageing 
of the individual sparkgaps and the possible reduction in the overal] 
recovery strength of the sparkgaps in the complete unit. 


The conclusion to be drawn from these results is that a load current 
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of about 1000 A is quite acceptable for 7 = 1.4 to 1.5 if the number of 
trial discharges is twenty or less and there is then every probability 
of faultless clearance. Incidentally, these tests were made for more 
exacting conditions than occur in actual service since the operating 
resistance of the arrester had to be greatly reduced in order to obtain 
a current of 1000 to 1300 A at a source voltage equal to quenching 
voltage of the complete unit. The current through the unit is in point 
of fact about 500 A at the quenching voltage and only reaches 1000 to 
1500 A in the transition period when the voltage across the unit is 
slightly greater than the quenching vol tage. 


The operating resistance in the 
internal surge arrester 


There is no need to discuss the well-known merits of non-linear 
resistors. It need only be pointed out that the “vilite” disk- 
resistor of 150 mm diameter used in the 500 kV lightning arrester was 
unsuitable for the internal surge arrester because at least five such 
disks would have been required in parallel, “Vilite” (i.e. the com- 
pound of SiC, clay and graphite) will only operate at low current den- 
Sities and its non-linearity coefficient is only about 0,3 in the range 
of currents produced by internal voltage surges. 


A new non-linear material called “tervite” was therefore specially 
developed for internal surge arresters. This material has several 
times more current capacity than vilite [6 }. But the coefficient of 
non-linearity of tervite is somewhat inferior to that of vilite. The 
current capacity cf both vilite and tervite increases with increasing 
conductivity of the material, but the non-linearity diminishes, 


The operating resistor in an interna] surge arrester can either be 
made of disks 125 mm in diameter and 50 mm thick or disks 70 om in 
diameter and 20 om thick. The units using the Jatter are fitted with 
three parauliel columns of disks, Pig. € illustrates the current 
capacity of an arrester as a function of the properties of disks with 
the maximum resistance possible for the type of arrester in question. 


The number of disks in the internal surge arrester depends on the 
residual voltage which must not exceed 2.5 U, for a current of 1500 A 
on a 10/20 4 sec surge. 


Curve 1 in Fig. 7 shows the voltampere characteristic of the inter- 
nal surge arrester. It must be bome in mind that the residual voltage 
in an arrester with tervite resistors increases if the steepness of the 
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current wavefront is reduced for a given current. As an example, the 
residual voltage increases hy 3 per cent if the wavefront is reduced 
from 10 to 3 wx sec with a current of 10 kA, 


A max) , 


100 
0 100 1000 ph sec 


Fig. 6. The carrying capacity of “tervite” resistance 
in the combined 500 kV arrester after at least 20 dis- 
charges: 
T<10,000 psec — the length of an aperiodic wave of 
20/40 fa sec (up to the half-drop point); T >10,000 u 
sec — a periodic wave (frequency 50 c/s). 


Tue conubination of the internal surge and 
lightning arresters 


It will be seen from curve 1 in Fig. 7 that the tervite resistor for 
internal surge protection cannot reduce the overvoltages due to direct 
lightning strokes to the required level since the calculated impulse 
current through the arrester is 10 kA. 


To permit the use of tervite disks in 500 kV arresters and still 
limit surges to 1260 kV at currents of 10 kA it would have been neces- 
sary to use a resistor which would satisfy curve 2. In actual] fact the 
current through the arrester during internal surges is over 1.5 kA and 
this is unacceptable both as regards the carrying capacity of the resis- 
tor and the arc-quenching capacity of the sparkgaps, With direct light- 
ning strokes internal surges can be ignored and a quenching voltage 
roughly equal to 1.3 U_ need only be considered, The surge current 
(curve 3) does not then exceed 800 to 900 A and it can therefore be 
interrupted quite easily by the sparkgaps, All these considerations 


160 Protection from internal surges 


led to the design of the “combined” arrester which protects against 
internal surges as wel] as direct lightning strokes. 


2900 3000 4000 6000 A mex 
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Fig. 7. The voltampere characteristics of the 
combined 500 kV discharger: 

1 - internal surge arrester; {, 2, ? (sic) - 
- lightning arrester; 4 - shunted part of ar- 


rester; - puncture voltage of the 


punct.ad 
additional sparkeap. 


The “combined” arrester uses the same internal surge arrester, 
except that a part of its operating resistance is shunted by an 
additiona] multiple-sparkgap unit which is composed of individual ro- 
tating arc sparkgaps (Fig. 8). The puncture voltage of the shunt 
sparkgaps is selected so that their breakdown takes place at the moment 
when the voltage across al] the operating resistance reaches the 
impulse level of protection (1260 kV). The part of this resistance 
which is shunted is designed to prevent the voltage across the rest of 
the resistance exceeding 1260 kV at a current of 10 kA (curve 2, Fig. 7). 
The voltampere characteristic of the shunted part of the resistance is 
represented by curve 4 in Fig. 7. 


During internal surges when the current through the arrester does 
not exceed 2 kA, the arrester operates like an internal surge arrester 
and there is no breakdown of the shunt gap. 


After a direct lightning stroke when the current increases to 10 kA, 
there is first a breakdown of the main sparkgap, but the current con- 
tinues to flow through the operating resistance until the voltage across 
it reaches 1260 kV. As shown in Fig. 7, this takes place at a current 
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in excess of 2 kA, At this point there is a breakdown of the additional 
sparkgap and if the current increases further the voltage across the 
arrester is determined by the other remaining part of the operating 
resistance (curve 2 in Fig.7). 


The size of the combined arrester is practically the same as the 
intemal surge arrester and there is very little difference in cost. 


Fig. 8. Side view (a) and main circuit (b) of 
the combined 500 kV magnetic arrester. 
1 - main sparkgaps, ? - resistances of the in- 
ternal surge arrester; ? - additional (shunt- 
ing) sparkgaps; 4 - the resistance in the light- 
ning part of the arrester. 


Before the final characteristics and parameters of the combined 
arrester could be determined it was necessary to make certain that the 
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following conditions would be ful filled: 


Impulse puncture and residual voltage .. .. .. «+ «- 1260 kV 
Amplitude of current in internal surges .. .. 
Puncture voltage during intermmal surges .. .. «. 2.5 Uy 
Residual] voltage at a current of 10 kA and a wave of 

10/20 p sec os 06 «6 ov 


Conditions 2 and 3 determine the number of disks in the operating 
resistance. Condition 5 defines the proportion of shunt disks in the 
operating resistance (in our case, 39.6% of the total operating resis- 
tance). 


It is also necessary to prevent the breakdown of the shunt sparkgaps 
when the arrester is dealing with an internal surge because at this 
moment a voltage amounting to 39.6% of the total breakdown (puncture) 
voltage can be applied to the shunted part of the operating resistance 
and this can immediately be followed by a similar proportion of the 
residual voltage at 1.5 kA. It is calculated that this condition can 
be satisfied by a 5 per cent margin given an impulse coefficient of the 
shunt sparkgaps equal to ong (experimentally determined) and a 5 per 
cent scatter in the puncture voltages of the gap. It is obvious that 
the changeover after a direct lightning stroke will then take place with 
a voltage across the arrester which is no greater in amplitude than 


1.05 .(1 + 0, = 2.9U , == 1 250 kV, 


punct - 0.05) 
as required by condition 1. 


The non-shunted part of the operating resistance in the combined 
arrester (60.4%) satisfies the fifth condition by ensuring a residual 
voltage no greater than 1220 kV at a current of 10 kA with a wavefront 
of 10 mu sec. 


The quenching voltage of the combined arrester must be such that the 
puncture voltage of the discharger does not exceed 2.5 U. (fourth con- 
dition). Given a scatter of +7 per cent, the mean puncture voltage is 


Vsunct.av = (2-34 0,16)U, ==(710 + 50) V2 
Taking the arc quenching capacity 7 as 1.46 from test results, we get 


YE) 
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Design of the combined discharger 


A side view of the combined arrester is shown in Fig. 8(a). It con- 
Sists of 27 complete units. These are “spirally” mounted on three 
pillars of KO-400S, KO-35 and KO-15 type isolators, The arrester is 
divided into three sections (stories) by triangular metal frames. The 
bottom section contains 10 units, five with resistors and five with 
sparkgaps. Each unit with resistors is shunted by its own sparkgap 
unit. Every unit with a resistor is composed of three parallel colums 
with 55 disks in each column. Every sparkgap unit consists of 32 
individual sparkgaps. The top two sections contain 17 complete units 
all of the same type. Each of these units comprises 20 sparkgaps and 
three parallel columns with 25 or 26 disk resistors in each column (the 
lightning part of the combined arrester). A ring 4.8 m in diameter is 
provided to balance the voltage distribution in the presence of impulse 
phenomena, The arrester is 8.5 « high and weighs about 9 tons, 


Laboratory tests and electrical characteristics 


The main characteristics of the arrester were improved as a result 
of tests on the individual units and the arrester as a whole. The 
puncture voltage of 17 complete units each composed of individual gaps 
with a puncture voltage of 3.3 to 3.44 kV was between 60 and 63.5 kV 
(mean values). 


The maximum deviation about the mean puncture voltage was up to +7 
per cent on some units. Measurement of the volt-second characteristics 
Showed that the impulse coefficient of the cemplete units was 1.1 for 
pre-discharge times > 4 ww sec, 0.9 for 1.5 wsec and 1.13 for 1 pw sec, 
Thermal tests on the finished units under a sustained voltage equal to 


arrester showed that the temperature rise on the surface of the shunt 
resistance was no more than 18 to 20°C above ambient air temperature. 


= 17.8 kV and a corresponding phase voltage across the whole 


Rupturing capacity tests showed that the quenching voltage of the 
arrester can be based on a coefficient of arc quenching capacity 7 = 
= 1.46 and if the mean puncture voltage of the arrester equals 2. 54 Up 
it is estimated by the quantity 1.6 U, 


The puncture voltage of the arrester was measured on a laboratory 
model without the bottom section (i.e. without the additional units 
with the disks and the sparkgaps to shunt them). 
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at supply frequency. 


for discharges on the front of wedge-shaped waves. 


The mean amplitude of the puncture voltage is 1030 kV + 2.5 per cent 


The volt-second characteristic of the arrester is shown in Fig. 9 


| 


20 


Fig. 9. The impulse puncture voltages of the 
combined 500 kV arrester with a wedge-shaped 
wave. 
o — negative polarity; e — positive polarity. 


for a pre-discharge time of 2 to 3 m& sec. 


The main electrica] characteristics are listed below: 


Maximum sustained voltage applied to arrester is service, 
kV 
Qienching voltage, kV: 
after direct lightning strokes 
for internal surges 
Puncture voltage at supply frequency (47% with 90 per cent 
probability), kV ‘ 
Impulse puncture voltage for pre-discharge times of 2 to 
20 sec, kV... 
Residual voltage at impulse currents of 10 kA and 10/20 
#/sec, kV ae pel. ae 
The residual voltage passing a current of 1.5 kA for one 
half-period of supply frequency, kV 


2+ m sec 


The impulse puncture voltage is 800 kV for a pre-discharge time 
greater than 5 #@sec, up to 700 kV for 1 # sec, but falls to 550 kV 


196 


| 
700 
2 § 2 Ie 16 
YEA 
500 
304 
395 
485 
710 
1200 
1260 
1070 


Protection from internal surges 165 


Residual instantaneous applied voltage on changing over to 
the discharge of a lightning stroke from the internal 
surge conditions, kV eax 

Number of lightning or internal surge discharges withstood 
without damage Cai Sa at least 20 


1250 


From test results it can therefore be stated that overvoltages in 
500 kV lines can be reduced to 2.5 U_ by using the combined arrester if 
the necessary conditions are fulfilled and certain other measures are 


taken, 


Translated by O.M. Blunn 
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THE OPTIMUM OUTPUT OF INDUCTION MOTORS IN 
REACTOR-CONTROLLED DRIVES* 


V.L. ANKHIMIUK (Byelorussian Polytechnical Institute) and 
0.P. IL’ IN (Middle Asia Polytechnical Institute) 


(Received 15 August 1960) 


This paper describes a new method of designing induction motors for 
reactor-controlled drives [1-3] in which the power of the motor is 
selected in conjunction with the rated slip, as defined by the resis- 
tance of the rotor circuit. The rated slip is so calculated that maxi- 
mum use is made of the motor output over the desired range of speeds 
for a given load graph. Less power is required, If the initial speed 
of the motor and, consequently, the speed of the output shaft is reduced 
the speed can be increased by adjusting the ratio of the reduction 
gears. 


Fig. 1 shows the main circuits of typical electric drives. For the 
sake of simplicity feedbacks have been omitted and only one control 
winding (CW) is shown. 


In these systems the speed of the induction motor is changed by 
varying the slip. Additional losses therefore arise during speed 
control, The changes in the speed of the rotor also affect the cooling 
of the motor. 


The power of the motor must therefore be calculated so as to obtain 
average losses and average heat dissipation. 


The total losses of an induction motor (in relative units) at rated 
voltage on the stator terminals are: 


4 Rs 


* Elektrichestvo, 4, 39-42, 1961. 
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where A =n - the ratio of total losses AP to rated output; 
Yeon and %- the rated torque and synchronous speed of the 
motor; 
ratio of the stator and rotor resistances; 
the relative torque on the motor shaft; 
“nom 
—— the rated slip; 
= - the loss factor, equal to the ratio of constant 
?one® losses to variable losses under rated motor con- 
ditions; 
n 
YEAR =— — the relative speed of the motor, 


196] 


Ly 


ce 


b) 


Fig. 1. Main circuits of induction motors in 
reactor-controlled drives 
(a — slipping motor; 6 - squirrel cage). 


Equation 1 is only an approximation since it is assumed that the 
constant losses are proportional to speed. In point of fact, the con- 
stant losses depend on the motor voltage as well as its speed. To 
calculate the constant losses in reactor-controlled drives it is there- 


J 
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fore necessary to divide these losses into those components which depend 
on speed or voltage and then calculate the magnitude cf the magnetizing 
current at the speed in question in the light of the non-linearity of 
the no load characteristic. But these are very complicated ca! cula- 
tions. Equation (1) is so much simpler and the error is still within 


five per cent. 


If a slipping motor is used, i.e. an induction motor with a wound 
rotor, the heating losses are 


> (2) 
Ap. (1 +4-& )(ms3 +- ks 


where 3== —, we — is the ratio of the rotor resistance to the total 
ls 


resistance of the rotor circuit (but in squirrel-cage motors o = 1). 
YE, 
19¢ 


In speed control the required output of the motor depends on its 
initial speed, I1t will now be shown that the output of a motor is 
optimum at a particular initial speed. 


The range of speed control is 


(3) 


where my and n, are the initial and minimum speeds of the motor; and 
v1 and Y. - relative values of the initial and maximum speeds, 


Substituting in (2) the value of > from 3 for + and the value of 


+ for v., we get: 


bp, =(1+k,) ). (4) 


The relative heat dissipation of the motor can be expressed by the 
equation 


a,+(1—a)V 


where « is the ratio of the heat dissipation at actual speed to the 
heat dissipation at rated speed; 


= 
Mm =%I—s," 
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¢ - the ratio of the heat dissipation with rotor locked to the heat 
dissipation at synchronous speed of the rotor. 


Expression (5) for the relationship between heat dissipation and 
speed gives practically the same results as those obtained by Suiskii’s 
formula [4]) for mode] A and AO motors, The value of a can be cal- 
culated from the formulae in Suiskii’s book [4]. A considerable amount 
of research has been devoted to the relationship between the coefficient 
of heat dissipation and the speed of the air [7,8] and this justifies 
the assumption that formula (5) is also applicable to other types of 
induction motors, 


For a motor to satisfy the heating conditions, it is necessary that 


4 Py av (6) 
where 4? is the relative mean heating loss in one cycle; 
YEAR” 
1961) ay the mean relative heat dissipation; 


A?nom ~ the relative rated losses of the motor. 


Using equations (4) to (6) and assuming that i= =1, fora 
long period of operation: 


a,D + (1 — a,) V Dy, 7) 
where SP ay, nom 
now 


In speed control when the torque is constant, 


Snom ss 
(8) 


The coefficient ky in (8) takes into account the need to ensure a 
rigid mechanical characteristic by a system of feedback when operating 
at the initial speed. This mefficient should be 1 to 2 if %) > 0. 005. 


Jointly solving equations (7) and (8), we get: 


_ fad + — a) — 
(D—+)(T— 9) (9) 
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Equation (9) permits the determination of the optimum output of a 
wound rotor induction motor from the torque over the desired range of 
speeds, 


At the speed vu the relative power is 
(10) 
The curves in Fig. 2 show the degree of power utilization and the 


maximum torque for given heating conditions as a function of initial 
speed, 


as 
aj 
Va 


a a3 as a7 


Pig. 2. Maximum torque and power of a phase 
induction motor as a function of initial speed 
under given heating conditions. 

p ~ motor power; « - max torque; D — range 
of speed control. 


The rated slip is even more important in deciding upon the power of 
a squirrel-cage induction motor. To determine the effect of rated 
slip on its output, consider a “basic” squirre]l-cage induction motor 
and assume that Inog: COS and are given, where 
the subscript 6 refers to this besic squirrel cage motor. Replacing 
the rotor of this basic motor by a rotor with a different resistance: 


Tob 


The change of rotor involves changes in the rated slip, its effi- 
ciency at rated torque, the rated output and the distribution of the 
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losses, In this case 


_ nom, t SP oonom, b 
ree (1 


In relative units, the rated losses of the basic motor are: 


nua.b i—y,° on 


The total losses of this motor at the maximum speed Vs in relative 


units are: 
m (i — yp) (D 5 nom pret! + kp) 
4p — 
YEAR 
196] in this case equation (6) takes the form 
Ap=aSP b (14) 


However, the initial speed vi is related to the torque a and the 
value of uv by the equation 


k, 
(15) 


Substituting (12), (13) and (15) in (14) and solving wrt. a: 


TF (16) 
where 
+2 
‘num. b + k, a) V Dy, — (17) 


c= 

Ry (16) tt is possible to obtain the maximum load torque of a 
squirrel] cage motor for given heating conditions. The relative power 
of this squirrel cage motor is defined by equation (10). 


Fig. 3 shows » and p as a function of vs for the squirrel-cage 
motor. 
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The efficiency and power factor of the drive can be ca]culated by 
Osokin’s [5] or Terekhov’s [6] formulae, Suppose it is required to 
compare variations in the energy indices of drives as a function of the 
speed range and initial speed. To do this use is made of an energy 
coefficient 


cos Pd inom 
noe ‘nom 


where » is the efficiency and cos ¢ the power factor of the motor- 
reactor system. 


An expression is obtained for the —, ae at minimum 
speed by putting 4 = or 2 and I and expressing the 
secondary currents in terms of the p meer nos aip in the light of (8): 


where 


Pig. 3. Maximum torque and power of a squirrel- 
cage induction motor as a function of initial 
speed under given heating conditions. 


The values of 6, 6... and k, can be found from an equivalent 
T - network of the induction motor. 


Assuming that the phase angle between the currents in the magetiz- 
ing branch and the operating circuit of the rotor is approximately 90°: 
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where 
r r 
; ( s =) +x, j lonom 


Neglecting the value of x’. in the rotor current equation compared 
with the first term in the radicand: 


‘onom Gs Onomsk m * 
Considering 3, 
YEAR 
1961 
(20) 


2 


The energy coefficient is a maximum when 


3D+1—Yy 9D?—10D4+1 
(21) 


This value has been obtained on the assumption that k, = const. 


This is quite permissible since there is no significant variation in ek b 
in the region under consideration. 


The relative rated speed of the basic motor Y nom. b has to be sub- 
stituted for U nos in formula (19) for the squirrel-cage motor, 


Thus the following formulae can be used to assess the required out- 
put of 


(a) slipring motors 
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6 
D = (1.5t05); 


22) 
it D< 1.5; ( 
Pp Ps it D>5; 


nom — (0, 3ito0 0024) D 


(b) squirrel-cage motors if D = 1.5 to 5: 


(23) 


where ?, is the static power on the motor shaft at the initial speed. 


Example 


This method will now be illustrated by applying it to the choice of 
motor for a large mill drive, 


1. Details of the AK-52-6 type slipring induction motor: 380 V, 
2.8 kW, 920 rev/min, 7 = 78%, cos @ = 0.74. According to reference 


manuals ‘7 0.3, hk = 1.36 and Y= 0.268. It is assumed that ky = 1.5. 


Fig. 2 shows the maximum motor torque as calculated by equation 9 
for the given heating conditions as a function on the initial speed for 
various ranges of speed control, D. Qurves are also given for the motor 
power p as a function of « v, at maximum speed. These curves define 
the degree of power utilization for speed control with constant torque. 


It will be seen from Pig. 2 that the utilization of the motor power 
is a maximum (Puax) when the initial speed v= 0.7 to 0.75 Pig. 4 
shows how Pose varies with the runge of speed control D. This diagram 
also shows "nom. opt and he wax * functions of D. 


The optimum rated slip is 


s 
hos lopt 
Sposa. opt "opt kym, opt 


where uv Ll. opt and "1. opt are the initial speed and motor torqe cor- 
responding to maximum power: 
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*nom 
= —— -a quantity which defines the resistance of the 
Snom. opt rotor circuit as required for the maximum utiliza- 


tion of the motor power. 


opt 


The term k, on x is found from formula (19) for values of vi from 
(21). These values of vy coincide with Vv». opt’ 


Spon. opt, Puax, Ke max, 


opt 
( 
\ 
\ 
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Fig. 4. Characteristics of a slipring induction 
motor in a reactor-controlled drive. 


Thus, for slipring motors the conditions of maximum utilization of 
motor power are practically the same as those under which the energy 
coefficient is a maximum, 


(2) Consider now an A51-6 type squirrel-cage induction motor of 
380 V, 2.8 kW and 950 rev/min with 7 = 82.5% and cos $= 0.78. 


It is presupposed that a, = 0.3, k= 1.77, ¥ = 0.317 and ky = 1.5. 
Pig. 3 shows the torque a and power "» as a function of the initial speed 
v, as calculated by formulae (16) and (10). 


Fig. 5 shows nom, opt’ Pmax and k, as a function of the range of 
speed control D. The conditions under which the utilization of the 
power of a squirre] -cage motor is a maximum are not the same as those 
which maximize the energy coefficient. Septate curves are therefore 
shown in Fig. 5 for that value of ee and k, which correspond to 
maximum utilization of motor power as a function of D. 


It will therefore be seen that 1.65 to 2.56 times less power is 
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required from a slipring motor than from a squirrel-cage motor over the 
range D = 1.5 to 4 and that the energy coefficient of the slipring 
motor is greater by a factor of 1.33 to 1.54, 


1. 


1. 


Son. opt Va 
4 4 
ads 
0.26 
/\ \ 

\ 
Qi) O18 

Ae 


2 3 5 


Pig. 5. Characteristics of a squirrel-cage 
induction motor in a reactor-controlled drive. 


Translated by O.M Bluan 
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A METHOD OF REDUCING TRANSIENT 
PHENOMENA IN CIRCUITS WITH 
INDUCTANCE COILS AND 
SEMICONDUCTOR RECTIFIERS* 


B.M. MENSKITI 
Mcscow 
(Received 22 August 1960) 


YEAR 

196] The principal feature of the transient phenomena which occur when 
closing a circuit containing a semiconductor rectifier bridge and in- 
ductance coils at the input and output (Fig. 1) is the shorter duration 
of the phenomena compared with the closing of a d.c. circuit with an 
output coil and [1,2]. 


The duration of the transient phenomena in such a circuit depends 
upon the relationship between the circuit criteria. The circuit is 
defined by three items assuming that the rectifiers are ideal; 


ol out 
arc 


tan ts 
— 
Pin c ta 


rout ‘a 


where wis the frequency of the applied alternating voltage and r, the 
forward resistance of the rectifier. 


The parameters ¢ ., and ¢,, show the relationship between the 
inductive reactance and resistance at the input and output of the 
circuit. The symbol € represents the relationship between the total 


* Elektrichestvo, 4, 58-61, 1961. 
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resistance to the alternating current at the input and the resistance to the 


rectified current at the output. To determine all these items the 
forward resistance of the rectifier bridge is divided between the in- 
put and output. 


Consider now the relationship which must exist between these items 
tor the transient phenomena to be reduced to the shortest possible 
period of time on closing the circuit. it is assumed that the circuit 
is closed at the commencement of a positive half-wave of alternating 
voltage. A first period of conduction 8, commences when the circuit 
has been closed, i.e. rectifiers I are live (i,, =) = i out) and rec- 
tifiers II are non-conducting ( in = 0). 


1. Circujt containing inductance coils and 
a rectifier bridge. 


If the electrical angle 9? = wt (where ¢ is time) read from the 
instant the circuit is closed, the output current in the first period 
of conduction is described by the expression 


‘out= sin (6 — sin 
where 
Um 
V (gt Tout? + + out 


lin + out 


=cotan?. 
and U, is the amplitude of the applied vo] tage. 


The first period of conduction ends at @ —£,, when the voltage 
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applied to rectifier Ii equals 


di 


Hence, by substituting the value of touts a equation can be written 
for the first period of conduction By: 
sin (3, 9) =sin(e (1) 
The current in the output coil at the end of the first period of 


conduction is 


SiN Gout 


The first period of conduction is followed by a period of commuta- 


YEAR tion ¥, during which all the rectifiers in the bridge are live. For 
1961 this period of commutation 
= /,e 
and 
ign = Sin — Pin) + 
+[/, 
where 
cotan?, 
_ Viein+ our? + Lint @bout 


This period of commutation ends at #=—(,-+-Y,, when the current in 
rectifier I becomes zero: 


Hence, by substituting the values tin and touty 2 equation for the 
period of commutation is: 


ef, sin (B, — e in'¢, 


(3) 
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The current in the output coil at the end of the period of commutation 
is: 


"out" 
= > (4) 


A second period of conduction then follows during which rectifiers 
II are live (i out = inp = tin) but rectifiers I are “off” (iy = 0). 


The current in the output coil is defined in this case by the 
equation 
‘out = — /,, Sin (8 — 9) + 


The current in the output coi] at the end of the second period of 
conduction is: 


1, =—/,, in +1 +B — 9) + 


+1, + J, — 


where 8, is the second period of conduction. 


If the current in the output coil is the same in value at the end of 
the first period of conduction as at the end of the steady state period 
of conduction, and if steady state conditions follow the first period 
of conduction, then 


+8, =*. 


Equating the value of 18, from equation (2) to the value of 1g 
from (5) and substituting },=2—y,, as well as the value of Iy, 
from (4): 


SiN — ?) Sin (8, + y, — +sin Pout X 
Xsin out—.sin g sin — = 0, (6) 


Equation (6) provides a relationship between the parameters which 
satisfies the requirement, i.e. steady state conditions will follow the 
first period of conduction if the circuit is closed when the voltage 


passes through zero, 
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Exactly the same factors affect the transient phenomena during the 
first period of conduction (i.e. the configuration of the circuit and 
the variation in applied voltage) when §,--8<%<§,, as in the steady 
state period of conduction (Fig. 2a). Therefore the current in the 
output coil when #=-4,--%—-% has exactly the same value as at the 
commencement of the steady state period of conduction, 


<= 


Bz 
(6) 


Fig. 2. Transient behaviour in a circuit with 
the optimum relationship between its criteria: 
= 0, b) ds 0. 


Thus, if the relationship between the circuit criteria corresponds 
to equation (6), and if the circuit is closed at the moment the mains 
voltage passes through zero, the duration of the transient phenomena is 
then defined by the expression 


where w is the angle between the steady state period of conduction and 
the mains voltage 2). 


Obviously, if the circuit is closed at any other moment of time 
(Fig. 2b), the duration of the transient phenomena is: 


where fb , is the initial angle. 
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Hence, if the relationship between the circuit criteria corresponds 
to equation (6), the duration of the transient phenomena on closing 
this circuit is less than one full wave and varies between the follow- 
ing limits depending on the exact instant at which the circuit is 
closed: 


ttt 


Equation (6) contains the angles B, and y, as well as the circuit 
items. This entails the use of equations (1) and (3). Equation (6) 
also contains another symbol ¢ which is a function of the fundamental 
circuit items ¢..,.¢,, and €. The relationship between these items 
is expressed by the equation 


ste (?out— ¢) 
cos Pout Sin %in) (7) 
It is convenient to transform equations 1, 3, 6 and 7 into: 
cotan — sin B, -+- cos 8, = (8) 
[cos (3, -+ ¥, — Pout! — COS (3, + + Pout — 
-+ [cos (3, — Tout! — cos (8, Pout’) 
[cos (8, Pont 2945) — cos (3, + Pout!) e iat 0; (9) 
[cos — Pout ) — cos %+ Pout — 29)] 
[cos (8, — ¥ out cos (8, Pout g out 
— [COs (B, — 2) — COS + 0; (10) 
2 sin (gout — ¢) (il) 


sin + Fout~ Fin) + — out — Pin! 
This set of equations allows those values or $,, and € to be found 
which reduce the transient phenomena in question to the shortest pos- 
sible period of time for the given value of ? out: 


The actual method of calculation is as follows. Given the value of 
4. find the first period of conduction from equation (8), the period 
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of commutation from (10), the value of ,, from (9) and that of € from 
(11). Given several vaJues of ¢, the relationship between Pin and £ 
for the given value of ¢.,, can be plotted. 


This set of equations is however indeterminate if $ wut = $,, = ¢. 
The circuit criteria of minimum transient phenomena are in this case 
defined by the equat‘on 


Ecosp=—l, (12) 
whence it follows that Tin = Tout and Lin = “out: 


The results obtained by this set of equations or (12) are given in 
Fig. 3. Using these curves that value of ¢ for $ ..4 and $ in can be 
found which minimizes the duration of the transient phenomena on clos- 
ing the circuit. Graphical interpolation can be employed for inter- 
mediate values of For example. if = 80° and $,, = 75°, 
an auxiliary curve € = f (.,4) for $,, = 75° can be plotted as in 
Fig. 4 and it is then apparent that € = 6.3 for the specified values of 


? out and $ in: 


1S 


a5" 


10 


N 


Fin 


0 


20° 30° «7° «60° 


Pig. 3. Curves for determining the optimum re- 
lationship between the circuit criteria. 
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Fig. 5 shows an oscillogram of transient phenomena which occur on 
closing a circuit whose parameters correspond to equation (12). The 
rectifier bridge consists of DGTs — 24 type germanium rectifiers (two 
rectifiers in parallel in each arm). Coils with an inductance of 0.17 
H and resistances of 0.54 ohms were connected at the input and output. 
The frequency of the applied voltage was 50 c/s. 


The early end to transient conditions in this circuit is due to the 
dynamic redistribution of the voltages (2). During the transient con- 
ditions a much larger proportion of the applied voltage influences the 
output coil than during steady state conditions. Rather a large margin 
of voltage is therefore required if transient phenomena are to be mini- 
mized, i.e. the inductance of the input coil must be quite large. The 
precise relationship between the circuit items is defined by equations 


(8) to (11) (or (12) if Oo. = }4,)- 


Sie 


out, 
60° 70° 90° 


Fig. 4. Auxiliary curve for graphical inter- 
polation. 


If $ out or € is allowed to be less than the value indicated by 
these equations, the transient conditions will be prolonged, and if 
€ = 0, the duration of the transient conditions will be the same as 
when closing a d.c. circuit with an output coil. 


Transient phenomena will also persist for a longer period of time if 
F oat or € are greater than the value indicated by the equations. In 
this event the current in the first half-wave may be greater than in 
the steady state, and if E—~oo, the duration of the transient con- 
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ditions will be the same as when closing an a.c. circuit with an input 
coil. 


Pig. 5. Oscillogram of the transient on closing 
a circuit with optimum criteria: _ 
u — applied alternating voltage; San - voltage 
of output coil; tout — current of output coil; 
i current of input coil. 


Translated by O.M. Blunn 


1, V.E. Bogoliubov; Transient phenomena in ferroresonant circuits with 
magnetization, (Perekhodnye protsessy wv ferrorezonansnykh tsepiakh s 
podmagnichivaniea), Thesis for the degree of doctor, ME’I, (1954). 

2. L.A. Bessonov; Dynamic phenomena in circuits with semiconductor 
rectifiers, (Dinamicheskie iavleniia tsepiakh a poluprovodnikovyni 
ventiliami). Trud, Vsesoiuz. zaochnogo energet. inst., No. 7, (1957). 
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A NEW METHOD OF TESTING THE BRUSHES OF 
ELECTRICAL MACIINES* 


A.M. TRUSHKOV 
Toms k 


(Received 9 Nowenber 1960) 


The brushgear tests specified in the State Standards (GOST) do not 
reveal the conditions under which a particular type of brush will] give 
the best service. This shortcoming is felt quite acutely at the pre- 
sent time because of the particularly arduous conditions which have to 
be satisfied in modern high speed machines at 5000 to 6000 rev/min and 
high commutator voltages. No criterion is available by which to select 
the appropriate type of brush for particular operating conditions. 


In this paper it is proposed to take the magnitude of the minimum 
voltage for sparking at the end of commutation (the sparking voltage) 
as an extra criterion by which to estimate the electrical properties of 
brushes. When the commutation conditions are so unfavourable that 
sparking is unavoidable, the erosion of the contact surfaces can best 
be reduced by using brushes with a low sparking voltage since in this 
case the arc will discharge with less energy. 


The sparking voltage of various types of brushes can be established 
by the test circuit illustrated in Fig. 1. This system uses a ‘‘collec- 
tor-interrupter” which periodically discharges an electrical circuit 
which is supplied from a battery. The voltage drop in the contact can 
be measured by a voltmeter and an EO-7 type cathode-ray oscillograph. 
As the voltage gradually increases, the appearance of sparking is 
marked by a luminous spot on the oscillograph (see point « in Pig. 2). 
If the time scale is increased, a ‘‘line of arc combustion” at a con- 
stant voltage will correspond to this spot. 


It is well-known that the interruption of a commutation circuit is 


* Elektrichestvo, No.4, p.84, 1961. 
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greatly affected by its inductance. To keep the latter constant as an 
increasingly large voltage is applied to the slip contact, the voltage 
supply has to be varied by connecting different numbers of cells. The 
minimum sparking voltage is found from the relationship between Oa’ and 
Ob in the oscillograms. The test results of brushes 4 x 4 mm are as 
follows: 


Type of brush Minimum arcing 
voltage, V 
MG 9.0 
MG -1 9.56 
r-3 11.3 
EG — 2a 12.16 
EG -4 12.96 


The average of ten measurements was taken for each type of brush. 
The speed of the interrupter was 1500 rev/min and the current inter- 
rupted was 10-11 A. 


Pig. 1. The test circuit: 


7B - Test brush; CJ - contact interrupter; 
wotor; P — potentiometer; A - ammeter; 
Vv — voltmeter; O - oscillograph. 


From test results, EG -— 4: type brushes had the maximum sparking 
voltage and MG the minimum. 


There is a different minimum sparking voltage for each type of brush 
and this difference is as much as 25 to 30 per cent. The relationships 
between sparking voltages correspond qualitatively to the relationships 
between the actual commutation capacity (i.e. a low sparking voltage 
implies good commutation). 
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It is worthwhile using brushes with the minimum sparking voltage from 
the point of view of reducing the erosion of the contact materials. 


a 
0 


Fig. 2. Oscillogram of the contact voltage. 


On the basis of this data, the minimum sparking voltage at the end 
of commutation can be recommended as an extra criterion of the elec- 
trical properties of brushes. 


Translated by O.M. Blunn 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 4, 1961 


Computer mathematics 


A computer study of transient phenomena in synchronous 
machines using differential equations with periodic 
coefficients. B.M. Kagan et al., (pp. 43-48). 


The authors illustrate the way computers can be used to solve dif- 
ferential equations with periodic coefficients, A network contain- 
ing synchronous machines under transient conditions is used as an 
example. 


Control engineering 


A contribution to the theory of linear circuits with 
variable parameters. V.S. Davydov, (pp. 51-58). 


Relationships are derived for the steady state in a linear para- 
metric system under the influence of an external harmonic vol tage. 
These relationships take a form which is as near as possible to the 
usual relationships used in the theory of alternating currents. 


High feequency engineering 


The design of reactive frequency converters for 100 to 
500 c/s. M.M. Tarashchanskii, (pp. 73-75). 


A short account is given of the main problems involved in the de- 
sign of “reactive frequency converters” as used to convert alter- 
nating currents of 50 c/s into high frequency currents of 100 to 
500 c/s for machine tools. Particular attention is paid to the 
dimensions of the stator, 


Insulation 


The use of life curves and other methods for determining 
the corona resistance of high voltage insulation. 
N.V. Aleksandrov, (pp. 61-68). 


An account is given of the methods and some of the equipment used 
in the Lenin Electrical Engineering Institute to determine the corona 
resistance of varnishes, mica products and other insulation. The 
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steepness of the “life curves” and sustained electrical strength are 
used as criteria for a comparative analysis of the materials. 


Aluminium windings with enamel, fibre and oxide insula- 
tion. V.A. Privezentsev, (pp. 68-73). 


The increase in demand in the U.S.S.R. for low-cost aluminium wind- 
ing conductors is considered together with the methods of production 
and properties of aluminium conductors with enamel, paper, glassfibre, 
oxide and glassfibre-oxide insulation, 


Power systems 


The propagation of surges in networks with twin-circuit 
transmission lines. A.S. Dadunashvili, (pp. 5-13). 


An analysis is made of the phenomena associated with the propagation 
of surges in twin-circuit transmission lines. This is a special 
application of an already known method of breaking down surge waves 
into their components. Test results are given. 
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The lightning performance of 275-500 kV transmission 
lines. M.Y. Kostenko, et al., (pp. 20-26). 


A theoretical analysis is made of the effect of the tower inductance, 
lightning arc and supply voltage on the lightning performance of 
transmission lines and an estimate made of the probability of 
strikes. Statistica] data of lightning strikes in the U.S.S.R. and 
the western world are given. This approach to the problem stresses 
the importance of the height of the towers and the effect of light- 
ning strikes which by-pass the earth wires to the conductors, 


The electrical characteristics of the ground and their 
effect on the design of outdoor foundations. L.E. E’ bin 
et al., (pp. 26-30). 


The authors propose a method of designing foundations for electrical 
equipment which allows for loca) and seasonal changes in the elec- 
trical characteristics of the earth. It is assumed that the elec- 
trical conductivity of the ground is a‘function of curvilinear co- 
ordinates of the electrical] field. 


A simple method of calculating short circuit currents in 
networks with steel conductors. L.M. Perbsina, (pp. 30-34). 


A simple and quite accurate method is proposed for calculating the 
the short circuit currents in networks with steel conductors where 
the impedance of the conductors is a function of the current. Use 
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is made of linearized voltampere characteristics. 


Rotating machines 
The mis-use of circuit transformations in the mathematical 
analysis of electrical machines. I.1. Talalov, (pp.34-38). 


A study is made of the fundamental principles and relationships 
involved in mathematical transformations as applied to the design 
of the circuits and windings of electrical machines. The author 
has in mind certain mistaken modifications of these methods which 
have been used on computers. 


A new electrostatic current generator using dielectric 
friction. N.G. Drozdov et al., (pp. 48-50). 


A description is given of a small climatically-stable 800 
V electrostatic generator with a plexiglass and teflon stator and a 
plexiglass-metal rotor. The internal surface of the stator is 
charged by polyethylene brushes on the rotor. Alternating or direct 
current can be produced. A 500 pF capacitor can be charged to 200V 
in 20 to 25 revolutions of the rotor. 
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Progress in the electric drives of excavators. 

Iu. Ia. Vul’, (pp. 81-83). 

An account is given of operating experience with two amplidyne-type 
motor-generator sets for the lifting and traction drives on large 
excavators. 


Statistical methods 


A statistical and graphical method of designing equipment 
for a given reliability. Ia.A. Rips, (pp. 76-81). 

An example is given of a way to design an electromagnetic relay for 
a given reliability and production cost. The method makes it pos- 
sible to establish the necessary margin of safety and to estimate 
the effect of parameters on the reliability and durability of the 
device, The method is of general application. 


Traction 
The use of 25 kV on a.c. electrified railways. 
Voronin et (pp. 1-5). 
Proposals have in the past been made for a general changeover to 
35 kV on heavily loaded sections of the three-phase a.c. electrified 
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railway system of 50 c/s in the U.S.S.R. This paper explains why it 
has been decided to retain 25 kV. However, further cost analysis is to 
be undertaken to see whether it is advisable to use 35 kV on systems 
supplied from 220 kV power lines. 
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A NEW METHOD OF STUDYING LARGE 
COMPLEX POWER SYSTEMS ON 
ANALOGUE COMPUTERS* 


N.I. SOKOLOV, Yu.E. GUREVICH and Z.G. KHVOSHCHINSKAYA 


(Moscow) 


(Received 25 July 1960) 


Analogue computers are now extensively used to study the transient 
behaviour, control and stability of synchronous generators and it is 
quite natural to try and apply them to more complicated systems con- 
taining several generators, loads as well as other line elements. 


Several methods have been proposed for this purpose: 


1, An analogue may be formed of each machine in its own co-ordinates 
and then all reduced to a common system of co-ordinates [1,3]; 


2. The equations of the generators may be written in a synchronously 
rotating system of co-ordinates [2]; 


3. The equations of the generators may be written in terms of self- 
and mutual impedances and analogues formed by these equations [3]. 


However, method 1 leads to very cumbersome and impracticable com- 
puting schemes and methods 2 and 3 are apparently only possible if it 
is assumed, inter alia, that the impedances in the direct and quadrature 
axes are equal and if there is no (active) resistance. Methods 1 and 2 
are very complicated, whilst in 1 and 3 the amount of computing 
apparatus increases out of proportion to the number of stations, and 
intermediate results are not at all readily appreciated, being expressed 
in coordinates a., etc. 


* Elektrichestvo, 5, 1-8, 1961. 
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In this paper a method is proposed which permits the study of power 
systems of any degree of complexity on analogue computers on the usual 
assumptions. The number of computing amplifiers increases in proportion 
to the number of stations, loads and lines studied. The individual 
elements of a power system can be studied with different degrees of 
approximation. As far as the authors know, nobody has ever used the 
proposed method previously. 


The main feature of the proposed method is that each element and its 
adjacent section of the line can be studied separately from all the 
other elements by the equations describing it. 


The means of constructing the scheme depends on whether or not there 
is a point in the system which can be regarded as an infinite bus-bar. 
If such a point is present, the complete scheme consists of two types 
of element, namely: 


1, Elements which link the infinite bus-bar with the network nodes 
and lines which interconnect the individual nodes; 19¢ 


2. Elements for the stations and loads, 


The equations of line elements (type 1) contain the known input 
quantities of each element, i.e. the voltage at the sending end of the 
line, definable by the modulus and phase relative to the voltage of the 
infinite bus-bar, and the active and reactive power at the receiving 
end of the line, defined by the power balance at the node. The output 
quantities are the modulus and phase of the voltage at the receiving 
end of the line and, if necessary, the active and reactive power at the 
beginning of the line. The infinite bus is the beginning of the first 
line and the nearest points to the infinte bus are the beginning of the 
other lines. Thus, elements of type 1 permit successive determination 
of the modulus and phase of the voltages at the nodes. 


For station and load elements (type 2) the input quantities are the 
modulus and phase of the voltages at the respective nodes. 


The active and reactive power reaching them constitutes the output. 

The principle is illustrated in Pig. 1. 

The method can be modified if there is no infinite bus-bar and one 
of the generator stations is adopted as “reference”. The angles of the 


rotor at all the other stations are read off from the axis of the rotor 
at the reference generator station. The analogue of the network is also 
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begun from the bus-bars of this station. It is also necessary to control 
the speed of the prime movers and consequently their torque, for other- 
wise it is impossible to balance the active power. 


U, sconst 
t 
44 
é 


‘ Py 


Fig. 1. Circuit (a) and block-diagram (b). 
1 - line; 2 - line; 3 - load; 4 - alternator; 5 -al- 
ternator; P active power; - reactive power. 


The computing schemes are therefore analogous to the circuits of 
actual networks and there is therefore no difficulty in excluding some 
elements, including others, or clearing short circuits, etc. The 
number of elements must naturally be restricted for the study; but 
all elements in operational units can be covered, A larger number of 
amplifiers has to be used to study complex systems, but this cannot 
lead to self-excitation if the individual groups of elements are stable. 
In practice, four to five stations can be studied, 


The proposed method allows special analogues of generators and line 
sections, etc. to be formed, which can then be combined to solve parti- 
cular problems. 


Analogues of elements 
Line sections. Consider the transmission of power P from the node a to 


the node n via the impedance —_ (Fig. 2a). It can be assumed that the 
active and reactive power into the line from the node a» and the voltage 
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at node n are known. It is required to find the angle between the 
vector voltages at the nodes 0,,,, the voltage U, and in certain cases 
active and reactive power at the other end of the line. The fundamental 
case of power transmission without loss is considered when z,, = ,, 


Suppose that the voltage U, is also known. The angle on is then 
found from the equation 


Pa 

Alternatively, given 6,,, the voltage can be found from the expres- 
sions 


(2) 


(3) 196 


where Q is the reactive power. 


The circuit in Fig. 2b, which refers to equation (1), contains an 
operational amplifier, a function generator® which gives the sine of 
the input, and a multiplier. 


Putting a for the output voltage of the eporational amplifier, the 


amplifier receives the difference between r. and lh sin a at its 
input. This difference must be very smal] since an operational] ampli- 


fier has no self-feedback and its amplification factor is very high. 


U_U 
If P, or *" sina change, the difference between these quantities 


will increase and change sign at the input to the amplifier on passing 
through the sine unit. The value of a changes so that the difference 
becomes negligible. It is obvious that this will occur when a=6.. 


Such methods are extensively used in mathematical simulation to 


* In our case we used sin and cos function generators made in the power systen 
laboratory of the All-Union Electrical Energy Resvarch Institute using 
tyrite (fergusor te) resistors. These generators can produce functions of 
an argument ly ng between the limits -2% and + 21. 
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obtain inverse functions. For example, a circuit with no multiplier 
ensures that Vout = sin”! 


The circuit in Fig. 2b is stable if 5mn<90°, since negative feed- 
back becomes positive if 4,,, is large. But in the case under consider- 
ation the circuit is linked with the computing scheme of the generator 
which always has negative feedback, thereby ensuring the correct produc- 
tion of any value of the angle 4,,,. 


mo — 
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Fig. 2. A section of the line. 
a line section; 6 circuit producing angle 
&mni ¢ ~ circuit producing nodal voltages. 


The voltage U, is found in a similar way. The corresponding circuit 
contains an amplifier without self-feedback, so that the following 
expression is obtained: 


U 
— B —~—cos6,, —Q, + =0, 


Xmn 


where 8 is the output voltage of the amplifier. 


Comparing this expression with expression (2), it will be seen that 
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B=U,,. 


The circuit also contains a multiplier and a cos function generator 
(a “quadrator”), which ensures that Vout = vu? . 


The circuits in Fig. 2a and 2b are combined hy joining the points & 
and |! in each circuit. The inputs are then P.. 2 and U,. and the out- 
puts U, and ‘on’ If necessary, Q, can easily be obtained in accord- 
ance with equation (3). This requires one extra cos function generator 
for the vol tage U, ste . It should be pointed out, however, that only 
one cos function generator is normally required for each node, regardless 
of the number of outgoing lines from each node. 


In a closed network the inter-nodal links are analysed by expressions 
(1)-(3). The active and reactive power flows are determined from the 
known nodal voltages and angle 6,, and they are then introduced into 
the power adders. 


When the resistance of the line is included, the following expres- 
sions are used to determine the active and reactive power at the ends 
of the line with positive directions from the node into the line: 


U,U,, 


U_U, 
(6) 


— —— 
z mn 2 


mn mn (7) 


2 2 2 


The inclusion of line resistance presents no difficulty, and a sec- 
tion of the line can be studied in the same way by equations (4) -(7). 
The only difference is that quantities which are proportional to sin _ 
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and cos °.. are introduced into the circuits by summators and inte- 
grators to obtain 6 an 25 well as U,- 


Generators. It is best to study generators in the direct (d) and 
quadrature (q) axes associated with the rotor. The analysis is parti- 
cularly graphic since all the quantities have physical significance. 


Generators can either be studied by the Gorev-Park equations [3] or 
by the equivalent networks proposed by the Gorodskii [4,5]. The former 
method has been used for a number of years in the dynamic control 
laboratory of the power-station department at the Moscow Power Insti- 
tute (MEI). The second method is more convenient, since fewer opera- 
tional amplifiers are required, the criteria of the machines can easily 
be varied and any number of rotor circuits on a synchronous machine can 
be included, 


Gorodskii’s equivalent networks (see Fig.3) have certain similarities 
with the conventional equivalent networks of synchronous machines. In 
them, ohmic resistances are substituted for inductances, and capaci- 
tances for (active) resistances, whilst the input impedances of the 
circuits for the direct (d) and transverse (q) axes correspond to the 
reactances and in transient and steady states. 


Gorodskii’s equivalent networks were proposed previously and took no 
account of the variation of the exciter voltage due to the action of 
the regulator. To include this factor correctly in the network corres- 
ponding to the direct axis of the machine, it is necessary to intro- 
duce a current I at point 6 in Pig. 3a proportional to the voltage U 
and independent of U. (see appendix I). The current J is the “force 
component of the excitation current I, flowing through the reactance 
x,,, Under transient conditions the current I, is the sum of the 
“forced” current I ~* I=uy and the force (transient) component due 
to the variation of tae voltage u, or i 


This requires a special “current source” with an infinite output 
resistance. The magnitude of the introduced current should be propor- 
tional to the control voltage and independent of the external resistance 
within definite limits. This special “current source” is obtained by 
using two operational amplifiers (see appendix II and Fig. 4). 


When using Gorodskii’s equivalent circuits on the computer, points « 
and a, (see Fig.3) are connected to the outputs of the operational ampli- 
fiers which produce the voltages ue and u,. It is convenient to include 
the transformer resistance and the inductive reactance of the line up to 
the node in the leakage reactance x, of the equivalent network. It is 
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Undesirable for the capacitances in the branches of the equivalent net- 
work to be in excess of 10uFf. This requirement determines the magni- 
tude of the ohmic resistances and currents in the branches, The resis- 
tances should not be too small, for otherwise the amplifiers may be 
overloaded, 


ot 
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Pig. 3. Bquivalent circuit of generator. 
-—along direct axis; 6 along quadrature axis. 


Instruments and oscillograph loops can be connected in series in the 
circuits to measure the currents. It must however be borne in mind that 
the currents do not usually exceed 1 mA and so the currents are usually 
converted into voltages by other amplifiers for further study and mea- 
surement. For the sake of convenience in taking measurements, the 
“current source” (see Pig. 4) is connected to a slightly different 
equivalent network of the generator (Fig. 5c). This new network is 
practically the same as the original one, since the resistances of the 
44 and w, are close to zero. 


The stator currents iy and i. can be estimated from the voltage drop 
in the leakage reactance x_. hie input impedance ro of amplifier 10 


is connected in parallel] with ry The latter must be mde such that 


rf, 


The excitation current i, can be estimated from the difference in 
voltage to earth at points 6 (the position of the “current source”) 
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and « (position of amplifier 10). Since the output voltage of amplifier 
9 is equal to the voltage at point 6, but opposite in sign, it is 
therefore sufficient to add the voltages after amplifier 9 and at point 
ce. In calculating the impedance ry it is necessary to take the input 
impedance r, of amplifier 11 into account. 


R 
Vin 4 > A 


7 < 


out 


4 


Fig. 4. Equivalent circuit of “current source”. 


The currents in the damping winding are usually difficult to measure, 
but this can be done by adding another amplifier (see Fig. 5c). 


The voltages u. and uy at the terminals of the equivalent relay are 
obtained by “projecting” the voltage at the node where the generator is 
connected along the axis of the machine (see Pig. 5b). 


Use is made of multipliers and adders to determine the active and 
reactive power from the generator to the node: 


P=u,i,+4,i; 


Ugly 
It is presupposed that P< m. 
Variation in rotor angle are found by twice integrating the equations 


of motion of the rotor about a certain reference axis which rotates at 
the synchronous speed. 


T Ploy Py. (9) 
The reference axis is the voltage vector at the infinite bus-bars. 
The angle between the quadrature axis of the generator and the nodal 


voltage is obtained by subtracting the angle of the node-bus-bar from 
the equation of motion. 


It is assumed that the turbine torque is constant, Alternatively, a 
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speed-controlled turbine may be studied separately [3]. The generator 
can be provided with any excitation regulator and exciter. No special 
explanation is required to study these elements [6]. The authors of 
this article have adopted the circuit shown in Pig. 5. 


Pig. 5. Computing scheme of generator. 
a -active power and the equation of motion of the 
generator; 6 — projection of the nodal voltages 
along the axes of the generator; c¢ -— direct-axis 
of the generator; d — quadrature axis of the 
generator; -reactive power. 


In many cases it is possible to simplify the study of generators hy 
substituting constant impedances and a constant e.m.f. for the “contact” 


resistance found from the preceding conditions. The equation of motion 
remains unchanged. The electromagnetic power is obtained from the 


equation 
P= sin 6, 


+ 


= 196 
> 
— a 
. 
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where U is the nodal voltage; *.. is the impedance from the generator 
terminals up to the node; 68 is The angle of the generator e.m.f. in 


relation to the node. 


The reactive power is found by a similar formula to (2). 
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Pig. 6. Simplified computing circuit of generator. 


y=V 234 xy’ — line resistance in post-fault conditions; 


a — equation of motion of the generator; 6 — projec- 
tion of the nodal voltages along the axes of the genera- 
tor; c — the active and reactive power. 


Given that Bi is constant, the asynchronous torque as’ which exists 
if »s #0, can be ignored. However, asynchronous torque can be included 
approximately in the way illustrated by Fig. 6, where a value of Bas’ 
which is proportional to the slip s, is passed into amplifier 3. If 
the slip is in excess of its critical value the torque remains constant. 
Provision is made for altering the amount of asynchronous torque during 


b 
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short circuits. 


Loads and static elements at the nodes. Loads and their dynamic 
properties can be studied by a similar circuit to that used for the 
generators by making certain assumptions. 


Static loads are simulated in accordance with the equations 
P=U'G; Q=U'B,. (11) 


The term U? is usually known; if G, and B, are constants, they can 
be included when calculating the input impedances of the amplifiers for 
adding the active and reactive power. Such loads can therefore be 
studied without additional amplifiers. There is no difficulty in study- 
ing loads in the light of their steady-state functions P,; = f,(U) and 
Q) = f,(U). This requires non-linear elements. Neither is there any 
difficulty in studying shunt reactors, line capacitances or parallel 
load resistances for restraint under transient conditions, etc. 


Short-circuits and post-fault conditions. A short circuit is effec- 
ted at a node by introducing a shunt "s/c into the node at the time of 
the fault. This shunt is connected in the same way as a reactive load. 
By selecting the magnitude of the input impedance at the input to the 
amplifier adding the reactive power, it is an easy matter to produce a 
short circuit of any type at any remote point. Ry taking the minimum 
possible input impedance (*6/¢ 0), it is possible in practice to 
obtain an exact three-phase short circuit at the node. 


In the study of post-fault conditions it is usually necessary to 
provide for a change in the impedance of one of the links between the 
nodes (disconnexion of one of the parallel lines). This is done by 
automatically changing the input impedances after the short circuit has 
been cleared. 


Example 


The proposed method has been applied to the circuit shown in Pig.7 
which contains the station 1, a single generator with a bus-bar load L, 
and the receiving systems 0 and 2. The bus-bars of receiving systems 0 
are assumed to be infinite. 


The transformer e.m.f.’s of the generators and variations in the 
reactance of the generators and lines during generator rotor oscillation 
ere ignored; it is assumed that the generators are unsaturated; the 
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line resistance is ignored wherever it has no appreciable effect. The 
method is equally applicable if these simplifications are not adopted, 
but the circuit is a little more complicated as a result. Only the 
transformer e.m.f. present any difficulties, but these can be ignored in 
the majority of cases. 


The block-diagrams and circuit-diagrams are given in Figs. 5, 6, 8 
and 9. The excitation control has been omitted from the generator cir- 
cuit in Fig.5 and torque is assumed to be constant. The receiving 
system 2? (Fig. 7) is simulated by an equivalent generator with a con- 
stant e.m.f. after the contact resistance (see Fig.6). The line resis- 
tance is included in the study of the lines linking stations { and ?, 
and provision is made for a system of relays to change the line resis- 
tance after faults. Receiving system 2 was studied by the equations of 
motion and expressions (4), (6) and (7). - 


Up *const 


Pig. 7. The simulated network. 


The broken lines in Figs. 5 and 9 indicate elements which were later 
found necessary during the adjustment of the circuit, as well as ele- 
ments which were included to measure the rotor currents. A system of 
relays was used to study short circuits. Relay 1P was live during the 
short circuit and 2P afterwards. 


By way of example, Fig. 10 shows one of the oscillograms taken during 
a two-phase earth fault at a node with a high-response excitation 
regulator. 


Circuit adjustaent 
The proposed method allows the adjustment and verification of each 


individual circuit element, which simplifies and speeds up the prepara- 
tions for the study and the study itself. For example, to adjust the 
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generator circuit it is sufficient to supply the voltage Us from an 
independent source and the generator is, as it were, connected to the 
infinite bus-bar. To adjust the circuit of a section of the line and a 
node it is convenient to substitute independent voltages for the active 
and reactive power of the generators and the loads. 


Fig. 8. Simulation block-diagram. 


i - first generator; JI -— second generator; 

III - line and node. {1 - automatic voltage 

regulator: 2? — the d-axis; 3 - the q-axis; 

4 - active and reactive power; 5 - equation 

of motion; 6 - projection of nodal voltages; 

7 - determination of a9 8 - determination 
of Us: 9 nodal load. 


Gorodskii’s equivalent circuits are first adjusted in the direct and 
quadrature axes. The resistances and capacitances must be correct to 
three significant digits. It is convenient to adjust the “current 
source” (Fig. 4) by varying the resistance r3 (see appendix II) in such 
a way that the load current measured by the micro-ammeter is independent 
of the load impedance. Impedances r, and ro are set to an appropriate 
scale, and r, is such that amplifier 1 of the “current source” is not 
overloaded under any operating conditions of the generator. 
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In the node and line circuit (Pig. 9) special attention must be paid 
to the operational amplifiers which produce the angle 530 and voltage 
Us. The amplifiers must have no self-feedback under any circumstances. 
However, it has been shown by circuit tests that generation® occurs in 
the circuit in connexion with the weaking of the total negative feed- 
back at angles in excess of 90°. This requires the inclusion of a capaci- 
tance C, in the feedback of the amplifier producing the angle 64). 
Self-excitation was thereby eliminated completely. A capacitance of 

0.07 # F was in fact used. Tests showed that no marked error resulted 

in the size of the angles. 


oy 


Fig. 9. Computing circuit of node and line 
section. 


More favourable conditions exist in the line-node circuit in which 
the voltage was produced. It is sufficient for Cy to be about 0.92 # FP. 
This figure has very little effect even if the voltage varies widely. 


Any error due to the capacitances Cs or C, can be eliminated by 
using a “retarded time scale” , in which case there is no increase in 
Cs or Cy. 


* Use was made of UPT-4-type amplifiers. 


U, 
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There remains one further aspect of the method (see Fig. 9) which 
requires special comment. The impedance of the transformer and the 
leakage reactance of the generator were combined in the simulation of 
the generator. In the operation of the circuit the reactive power 
flowing to the node was proportional to its voltage. At the moment the 
circuit is started (triggered), or when a three-phase short circuit is 
cleared at the node, al] the operational amplifiers producing Us receive 
zero potentials and Us remains zero. Although this is an unstable state 
ot equilibrium, the circuit reverts to its operating state after a 
lapse of time. This random delay can be eliminated by introducing a 
low starting voltage Uy (Pig.9), which removes the circuit from its 
unstable state almost instantaneously, and the source of the starting 
voltage ceases to have any further effect on the system owing to the 
valves ¥-l and ¥-2. The voltage U, can be used to define a residual 
positive sequence voltage at the node as required for studying non- 
symmetrical faults and remote short circuits. 


U3 


face 


Pig. 10. Oscillogram of a two-phase earth fault 
at a node. 


The proposed method is also applicable to out-of-step conditions. 
The amplifiers producing the angles 46 10° 5 26 and 556 are fitted with 
switching devices which shunt the feedback capacitances when the angle 
becomes 360°. When the slip becomes large (over 3 per cent) an error 
begins to creep iu if C, is large and a “natural” time scale adopted. 
This error can be practically eliminated ty using a “retarded time 
scale”. 
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Appendix I. 
Equivalent network of a generator 


The equivalent network used in this paper differs from that proposed 
by Gorodskii [4] in that a variable “current source” is introduced to 
include excitation control. Other methods of including excitation 
control have been published, For instance, a similar method to Gorod- 
skii’s was described in [7], in which a correctional circuit was added 
to adjust for changes in excitation. 


It will now be shown that the “current-source” method describes the 
behaviour of the generator correctly. 


Ignoring the transformer e.m.f. and stator resistances, the generator 
performance can be described by the equations* 


= Xgl gi 


Hence the current in the direct axis is 


G(p)4,(P) 


(1-1) 


The first term on the right of equation (I-1) describes the effects 
due to the external vol tage ua(P). whilst the second fully defines the 
excitation and can be written in the fom 


i, (P) Xq (p)’ (I 2) 


where i,(p)G(p)r, is the equivalent voltage at the terminals of direct 
axis definable by the “forced” excitation current i f. y(P)- 


The equivalence of the generator performance and equivalent network 
will now be shown for the simplest case of no damping windings. 


It is well known that for the generator 


*ad 
GP) = oP)’ (1-4) 


* The q-axis tie c-axis. 
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where u, is the slip-ring voltage; i, is the rotor current; T 0 is the 
time constant of the excitation winding if all the other circuits are 
broken. 


Por the equivalent network in Fig. 5 the addition of Sod with 


xy + t in paralle’ and with x, in series gives 


P 


(1-5) 


The voltage at the terminals of the open network when carrying the 
“forced” current i 


u(p)=ty ¢ ry - 


(1-6) 


“T+ 


With the stator closed, the current component due to the excitation 
(i.e. due to the current ty ¢(P)) can be expressed as follows: 


i 
t+ T pp P= 


(I-7) 


Thus the operator expressions for the generator currents fully agree 
with the equivalent networks. 


Appendix IT. 


The current source 


The load current J, in Pig.4 is made independent of the load impedance 
Ry ty a positive feedback which increases the output voltage of ampli- 
fier | with increasing U and, consequently, Ry. 


It will now be shown that J, is independent of R, if the impedances 
are correctly chosen. 
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It is well kuown that the potential at the summation point 2 of an 
amplifier is negligibly small. Suppose, therefore, that Z.=0. The 
sum of the currents at the point £ then takes the form 


R + als — + 


Suppose that in expression (II-3) 


The current I F will then be independent of the load 


Thus, the “current source” functions correctly if condition (II-4) 
is fulfilled, whence it follows that 


els 


Translated by O.M Blunn 


“in Vout “out _ (II-1) 
Since 
Your = 
{ 
Vout =U) 
it follows that expression (II-1) can be re-written in the form 
YEAR 
9 (141 (11-2) 
whence 
U; 
i in 2’ a's 
(II-4) 
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THE SELF-EXCITATION OF INDUCTION MOTORS WITH 
SERIES CAPACITORS* 


v.G. BAUMAN, 0.V. IVANOV and B.I. KOMAROV 
(Leningrad Mining Institute) 


(Received 14 November 1960) 


The self-excitation of induction motors [1-7] is one of the main 
obstacles to the use of series capacitors for the compensation of the 
voltages drop in local distribution networks. Its effect is to limit 
the maximum stable output of the motors supplied from high-voltage 
transmission lines [8]. 


The self-excitation of an induction motor can be regarded as para- 
metric resonance in an oscillatory system in which the equivalent 
inductance periodically varies with the mutual induction between the 
circuits of the system. Under definite conditions the “free” oscil- 
lations in such a system may decay, increase or even remain constant 
depending on the relationship between the energy introduced into the 
system when a parameter changes and the energy loss during this period 
of time. 


The emergence of parametric resonance expresses itself mathematically 
in an unstable solution of the differential equation of the system. 
However, at the boundary of stability there exist free osci] lations 
which do not decay and it is therefore possible to determine the 
boundary conditions of self-excitation by the methods of steady state 
analysis usually applied to induction motors. 


The simplest way to determine the boundary conditions is to use 
Wagner’s equivalent circuit [2]. 


* Blektrichestvo, 5, 38-44, 1961. 
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Self-excitation of induction motors 


Fig. 1 shows an equivalent circuit for the “free” currents of an 
induction motor with series capacitors. All the reactances of the 
circuit are defined at 50 c/s. The frequency of the free oscillations 
at the boundary of stability “9 is proportional to the supply fre- 
quency. The rotor slip relative to the field of free currents at the 
boundary of stability is 


(1) 


where o. is the angular velocity of rotation of the rotor as a propor- 
tion of synchronous speed at 50 c/s. 


The conditions for the existence of non-decaying free oscillations 
in the circuit in Fig. 1 can easily be found by Kirchhoff’s laws 


Solving this set of equations with respect to the current I, 


It follows from this expression that if I, 4 0, then the equivalent 


impedance of the circuit Z, must equal zero. (Points above 


7 


symbols indicate complex quantities). 


The conditions for the existence of non-decaying oscillations in the 
circuit in Fig. 1 can thus be written in the form 
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(2) 


x, 
0 — 
The real and imaginary parts of equation (1) are then equated to zero 
separately and for the sake of simplicity 


Hence 
9 x ) / 
\ MX, — \ 
and x. 2 (3) 
( =} 
J 


It follows from this equation that the slip $q can only be negative 
in the presence of self-excitation, i.e. the velocity wo, of the rotor 
of an induction motor during self-excitation must be greater than the 
frequency of the free oscillations wo (operating as a generator at the 
frequency of the free currents), 


When considered with equation (2), the second equation in (3) can be 
written in the form: 


(4) 


where 


and x. is the capacitive reactance. 


Using equations (1), (3) and (4) it is possible to find the frequen- 
cies 01 and 99 of those free oscillations at the boundary of sta- 


bility which correspond to the values of the slip $01 and $92 and, 


or 

X, =X, +%,,. 
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consequently, the velocity bounds of the zone of self-excitation Wey 
and 9g can also be determined. 


Fig. 1. Equivalent circuit. 


It has been shown by calculations and tests that the boundary fre- 
quencies w and ®5 in systems in which self-excitation has been 
specially eliminated are usually very little different from the respec- 
tive frequencies ©) and & 99 in systems without losses (r, = 0), 


which are equal to 
x, x 


The self-excitation of induction wotors occurs at rotor speeds 


» w 
rl 


Over this range one of the roots of the characteristic equation of 
the system will have a positive real part (1,2,4,6! and, consequently, 
increasing free oscillations will occur in the system. 


At speeds wey and ® 9 the real part of this root is zero and 
constant free oscillations wil] continue in the system ,voundary of the 
zone of self-excitation). At speeds > the free oscil- 
lations will decay. 


In voltage control systems using series capacitors the theoretical 
limits o , and ® 9 are usually below synchronous speed at 50 c/s. If 
the resistance r, is increased there is a corresponding narrowing of 
the velocity bounds of the self-excitation zone, as follows from equa- 
tions (3) and (4), but at the critical value of ry(ry = rier) these 
bounds merge and if r1> "her self-excitation is impossible. An ex- 
pression can easily be obtained for vier from equation (3) ty determin- 
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ing the maximum of the function defined by this equation [2,6]: 
her x. (Vx, — VX). (5) 


It will be seen from an analysis of this expression that Ticr de- 
creases in value with a decreasing percentage modulation of the equiva- 
lent inductance of the motor: 


m= X,— x" 
In deriving the propositions underlying the theory of self-excitation 
in induction motors it is assumed that all the criteria of the system 
are linear or else dependent solely on the magnitude of the free currents 


(5). 


It is also assumed that the speed of the rotor is constant. Such 
assumptions are only permissible in the study of asynchronous generators. 
Previous papers [1,3,4,5,7,81], have not dealt with asynchronous genera- 
tors operating as motors for this reason. It has been shown by tests 
that the special features of the motor state have a decisive effect on 
the nature of the development of self-excitation in asynchronous machines 
under these conditions. 


The authors have undertaken research which now makes it possible to 
form a qualitative estimate of the effect of individual factors on the 
nature of the development of self-excitation in induction motors. 


There are a number of distinctive features of the development of 
self-excitation in asynchronous generators operating as motors: 


1. The criteria of the machine depend on the magnitude of the vol- 
tages and currents of the “forced” process, in which the supply source 
defines the frequency, as well as on the currents and voltages in the 
free process; 


2. The self-excitation of the motor at speeds below normal is only 
possible during acceleration of the rotor within the resonant zone. The 
possibility of the rotor crawling in the zone of self-excitation is 
determined by the time taken to pass through this zone and the time 
taken for free oscillations to develop; i.e. it depends on the moment 
of static and dynamic (mechanical) resistance, the magnitude of the 
supply voltage and the numerical values of the circuit criteria. 


3. The performance of an exciled tor can only ve staoe at the 
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lower velocity limit of the self-excitation zone [2]. 


The magnitude of the input voltage has the most important effect on 
the development self-excitetion in a motor. It has been established by 
tests on AOL and A type motors with series capacitors at supply voltages 
from 60 to 500 V that the self-excitation of a motor can be divided into 
five distinct stages in which the excitation develops in different forms. 


rev/min 
fl! 
600 t—TT 
! 
ot : 
300 
g 
H Vim, 
109 200 300 YO UV 


Fig. 2. Speed n as a function of the input 
voltage Vin for A-41-6 type motors (capacitive 
reactance =. = 6.6 ohms; line resistance 

r, = 0; Gz (flywheel effect) = 0. 


The curve for n = f(U;,) in Fig. 2 is divided into five sections by 
the vertical broken lines. The continuous line represents the speeds 
attainable by the motor on starting from a standstill. The broken line 
in region II shows the running speeds of a motor which is repeatedly 
switched on and off but not allowed to stop rotating. The broken line 
at the end of this region shows the speeds which are attained by a con- 
tinuous increase in the supply voltage of the excited motor. 


The motor does not gain speed in the first region. It crawls at a 
lower speed corresponding to the reduced resonant frequency of the 
system. In this region the self-excitation of the motor develops as 
follows (Fig. 3a). On starting, the rotor accelerates according to its 
mechanical characteristic (Fig. 3a) to the lower boundary of the self- 
excitation zone under the influence of an excess torque equal to the 
difference between the driving torque and the moment of static resis- 


tance. 


As soon as the speed of the rotor passes beyond the lower limit of 
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the self-excitation zone, self-excitation of the motor sets in and the 
machine begins to function as a generator at the frequency of the free 
currents. When the rotor is in the zone of self-excitation, the braking 
torque created by the field of free currents succeeds in increasing so 
much that the resulting torque of the machine becomes less than the 
moment of static resistance. The speed of the rotor therefore drops 
and the motor leaves the zone of self-excitation. The rotor now starts 
to accelerate all over again and crosses the lower boundary, but this 
time there is a much less excess torque so that the rotor now decelera- 
tes much more quickly under the influence of the free currents and it 
stabilises at point A (Fig.3a) where its speed corresponds to the lower 
boundary of the self-excitation zone. In this case the amplitude of 
the free oscillations is restricted by the change in speed of the rotor, 


USL 


b 


r 


Fig. 3. The starting of induction motors in 
region I(a), oscillograms (b,c). 1 - torque 
speed characteristic of a non-excited induc- 
tion motor; 2? - characteristic of the load 
torque; #& - point of normal operation; LSL and 
USL - lower and upper speed limits of the self- 


excitation zones; Up - capacitor voltage. 
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which is the typical feature of the development of self-excitation in 
generators operating as motors*, 


The currents and voltages during the self-excitation of a motor are 
distorted in zone I by the appearance of considerable low frequency 
components. Fig. 3(b) and (c) shows oscillograms which illustrate the 
variation in the speed of the motor when self-excited and the shape of 
the typical curve of steady state oscillations in region I. 


It should be pointed out that use is made of a curve representing the 
voltage drop of capacitors U, for which the typical distortions present 
in self-excitation are more pronounced. 


In region II (Fig. 2) the motor, on starting from a complete stand- 
still, accelerates to its rated speed and, crossing the resonant zone, 
is self-excited, only locking at lower speeds if switched on and off 
without being allowed to stop rotating. 


At che end of region II self-excitation can only be maintained by a 
continuous increase in the supply voltage to the already excited motor. 


It will be seen from the curve in Pig.2 that a self-excited motor 
will lock at a higher speed depending on the extent to which the supply 
voltage is increased, This is explained by the saturation of the 
machine steel owing to the appearance of low frequency components in 
the voltage at the terminals of the motor and the associated reduction 
in the no-load inductive reactance of the machine x, (2). The starting 
diagrams and oscillograms appropriate to this region are shown in Fig. 4, 


The reason why the self-excitation zone is crossed when starting 
after a complete standstill is that the rotor in region II manages to 
pass through the zone before free oscillations can develop which are 
capable of creating a generator moment sufficient to decelerate the 
rotor (Fig.4) [2,6]. 


If the input voltage is increased still further, self-excitation 
cannot be maintained even by continuously increasing the voltage applied 
to the already excited motor, i.e. there is no self-excitation in region 
III (Pig. 2). This is explained by the narrowing of the self-excitation 
zone owing to the considerable reduction in the no-load inductive reac- 
tance sz, and the decreased percentage modulation of the parameter 
(equivalent inductance). 


* In the self-excitatiam of generators the amplitude of the free oscillations 
is usually limited ty the saturation of the steel. 
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In region IV the motor again begins to be self-excited with a con- 
tinuous increase in the input voltage whether the motor is started from 
standstill or repeatedly switched on and off). The explanation is that 
the types of machine under consideration have a lower equivalent induc- 
tive reactance x’ approximately equal to the short circuit inductive 
reactance which fixes the position of the upper speed boundary of the 
zone. Furthermore, it is not a constant quantity but diminishes as the 
input voltage is increased. If the short circuit inductance is reduced 
the upper speed boundary of the zone is moved upwards and at the begin- 
ning of the fourth region it is raised above the normal operating point 
of the motor (Fig. 5). The normal operating point then comes within 
the self-excitation zone and the motor is perpetually self-excited in 
this region. 


Fig. 4. The starting of induction motors in 


region II. 
(Symbols as in Fig. 3) 
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Accordingly, there are grounds to suppose that motors with open 
shallow rotor slots (for which the short-circuit inductance is prac- 
tically independent of the magnitude of the input voltage) will not have 
a region IV. Tests have been made which corroborate this idea [2]. 


Numerous tests have also shown that region IV generally covers a 
range of voltages quite close to the voltage of the motor (see Fig. 2). 
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Pig. 5. The starting of an induction motors 
in region IV. 
(Symbols as in Pig. 3) 


It has been found that in this region self-excitation proceeds at 
speeds close to the normal speed of the rotor at comparatively low 
values of capacitive reactance (roughly up to 50 per cent of the short 
circuit inductive reactance of the machine). But the rotor speed of a 
self-excited machine tends to fall in this region to the extent that 
the capacitive reactance is increased. 


The self-excitation of a motor in region IV is always accompanied by 
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stable oscillations in the torque and speed of the rotor. 


It will be seen from the oscillograms in Fig. 5 that the voltage 
(current) curves are distorted in this region on account of the speed 
variations of the rotor and the saturation of the steel. Thus, the 
nature of the self-excitation of an induction motor near rated voltages 
is substantially different from that considered in the published 
literature. 
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Fig. 6. The starting of induction motors in 
region V. 
(Symbols as in Fig. 3) 


In the solution of practical problems connected with the use of 
series capacitors to compensate voltage drops in distribution networks, 
attention must be concentrated on the behaviour of induction motors at 
voltages close to rated voltage, i.e. in region IV. 


If the input voltage is increased still further, the self-excitation 
of the motor again ceases (region V in Fig. 2). The explanation is that 
the lower boundary of the excitation zone rises above the normal operat- 
ing point at such high voltages. Typical starting curves and oscil- 
lograms of region V are shown in Fig. 6. 


Region * hegins to narrow and vanish as capacitive reactance is 
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increased and subsequently the same happens to region II. 


If a resistance (the line resistance ry) is connected in series with 
the capacitors region III and V widen and then I and IV narrow and 
disappear altogether. 


This is explained by the narrowing of the self-excitation zone when 
a@ resistance is included. This agrees wel] with the theory of parametric 
excitation. It should however be pointed out that greatly improved 
results are obtainable by calculating the value of the resistance which 
will eliminate sel] f-excitation. 


However, it should be mentioned that the inclusion of a resistance 
which is calculated to ensure the desired degree of compensation of the 
voltage drop + [7], can only eliminate the self-excitation of a motor 
at voltages near nominal if the capacitive reactance .. is no more than 
about 30 per cent above the short-circuit inductive reactance of the 
machine 

The flywheel effect of the rotating parts also has an appreciable 
effect on the nature of self-excitation, particularly in region IV. 


Region I is much wider when motors with a fly-wheel are started and 
region II is pushed up to higher voltages since the flywheel consider- 
ably increases the time taken to pass through the self-excitation zone. 


A particularly valuable result of increasing the flywheel effect of 
the rotating parts of a machine is the widening of regions III and V 
through the narrowing and final disappearance of region IV. The combined 
effect of a flywheel and resistance is to eliminate self-excitation over 
a very wide range of input voltages including rated voltage. 


By using a flywheel, self-excitation has been eliminated in tests at 
voltages near nominal for +r = 1 and = 4g i.e. with complete com- 
pensation of the short circuit inductive reactance of the machine. With- 
out a flywheel such a large resistance is required to eliminate self- 
excitation at voltages near nominal that even with «1,250.35 *,,, (see, 
for example, Fig. 7a) the use of series capacitors was still ineffective 
when only partial compensation of voltage drop was accepted. 


Other methods of calculation have implied that the resistance mst 
be made even larcer to eliminate sel f-excitation. 


Fig. Ta shows curves Tr = f(ry) for two values of x, in reference to 
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an A-41-6 type motor where 


2. 14GD2n2 10°° 
= - equivalent inertia content of a motor with a 


ace flywheel, sec; 
Gp? -— the flywheel torque of a rotor with a flywheel, 
kg. m?: 


nom ~ rated speed of motor, rev/min; 


- rated motor output, kW. 


These curves define the requisite line resistance ry for a given 
inertia constant and vice versa. 


sec |7j 
a3 


a7 


6 


Fig. 7. The inertia constant T. as function of 

line resistance r, (a) and capacitive reactance 

x. (b) for A-41-6 type induction motors. Inertia 
constant of motor Tin = 0.1 sec. 


It should be seen from Fig. 7(a) that the elimination of self- 
excitation is influenced especially and to a considerable extent by a 
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smal] additional increase in the inertia constant (relative to the 
natural inertia constant of the motor). Thus, if s.° 0. 57 *s/c! the 
elimination of self-excitation is particularly influenced by an in- 
crease in the inertia constant within the limits of 0,1 to 0.3 sec. 

In the case in question it is enough to increase it to 0.2 sec in order 
to eliminate self-excitation (with complete compensation of the voltage 
drop). 


There are therefore grounds to suppose that in using series capacitors 
under real conditions there will be no self-excitation of loaded motors 
at voltages near nominal, even if the capacitive reactance .. is com- 
paratively large and that the voltage drop will be fully compensated. 


Fig. 7(b) shows the inertia constant T, as a function of *. for two 
values of ry namely, zero and that corresponding to complete compen- 
sation of voltage losses (t = 1). The regions lying above each curve 
correspond to normal operation of the motor (no self-excitation). It 
follows from Fig. 7(b) that an increase in the inertia constant of the 
machine has a particularly marked effect on the elimination of self- 
excitation in the presence of line resistance. 


The curves in Fig. 7 were obtained for a constant input voltage equal 
to the rated voltage of the motor Con = 380 V. 


Researcli into the performance of induction motors supplied via capa- 
citive line equipment (8/ has also shown that flywheel mass improves 
the stability of motors. 


Cenc lusions 


1. The special features of the self excitation which occurs when a 
generator is used as a motor have a considerable influence on the nature 
of the development of self-excitation in asynchronous machines. 


The input voltage has the most important effect. Five regions can be 
discemed in which the development of self-excitation takes a different 
form depending on the magnitude of the input voltage. 


2. The self-excitation of induction motors of the type under con- 
sideration is substantially different from what it is generally con- 
sidered to he in the published literature at rated voltage (region IV 
in Pig. 2). 


Stable oscillation in speed and torque is typical of motors operatir 
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in this region. The resonant speed in this region is very little 
different from the normal speed of the motor. If the capacitive reac- 
tance x. is increased there is an accompanying reduction of the reso- 
nant speed in this region. The current and voltage curves are greatly 
distorted by oscillation in speed and saturation of the steel. 


3. A line resistance ry assists the elimination of self-excitation 
by narrowing the fourth region of self-excitation. 


But if «. > 0.3 Xs /e? the requisite value of r, to eliminate self- 
excitation is still inadequate to compensate fully the voltage drop in 
the line. 


4. An additional flywheel effect also helps to narrow the fourth 
region, i.e. to eliminate self-excitation at rated voltage. 


Unloaded induction motors are more inclined to self-excitation at 
the rated input voltage than loaded motors. 


The influence of the additional flywheel effect is particularly 
Significant if a line resistance is included. 


Translated by O. Blunn 
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DIRECT TESTING OF CIRCUIT BREAKERS BY 
THE JOINT USE OF SURGE GENERATORS AND 
GOREVY OSCILLATORY CIRCUITS* 


Ya.N. SHERMAN 
(All-Union Electrical Engineering Institute, Leningrad) 


(Received 18 November 1961) 


In recent years Gorev oscillatory circuits have come to be used on a 
large scale in the U.S.S.R. as the short circuit power source for 
rupturing capacity tests on high-duty circuit breakers. In these 
oscillatory circuits the necessary energy for the tests is stored in a 
large bank of static capacitors. 


Experience has shown that high-voltage test laboratories require two 
or three synchronous surge generators with an equivalent three phase 
short circuit power of 2.5 to 3.5 thousand MVA and a Gorev oscillatory 
circuit with an equivalent three phase short circuit power of 2 to 2.5 
thousand MVA. This equipment is used for synthetic tests in which the 
surge generators are the current source and the oscillatory circuit the 
recovery voltage source. 


It is also possible to make direct tests in which the power of the 
surge generator and that of the oscillatory circuit are used separately. 
It would however be very useful to combine their individual powers in 
direct tests. 


The only combined systems [1] which have as yet been proposed for 
direct tests use the active power of the surge generator circuit. No 
provision has been made for adding the reactive power of the two sources. 


* Elektrichestvo, 5, 52-57, 1961. 
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However, research at the Leningrad branch of the All-Union Electrical 
Engineering Institute since 1956 has solved this problem by connecting 
the surge generator either in series [2] or in parallel [3] with the 
oscillatory circuit. It will be shown that the decay of the test current 
can be compensated either by the active power of the generator or by a 
method of “pulsation”. 


The special switchgear which has been developed in the U.S.S.R. in 
recent years has now made it possible to combine a surge generator with 
a Gorev oscillatory circuit for direct tests. The new switchgear in- 
cludes a controlled spherical discharger (U.Sh.R), an automatic test 
control device (PAU) and a synchronous switch VA-12. 


Connexion in series 


Fig. 1 illustrates the main test circuit with the generator connected 
in series with the oscillatory circuit. 


Pig. 1. Main test circuit for combined use of 
surge generator and Gorev oscillatory circuit 
connected in series: 


SG - synchronous surge generator; C, - main 
capacitor bank of oscillatory circuit; AR - reac- 
tor; 7B - test breaker; PB — protective breaker; 
VA — synchronous switch (g - generator); IC - in- 
terrupter for charge circuit: (CD — charging 
device of oscillatory circuit; A. protective gap 
(arrester); Leda additional protective induc- 
tance; AD - reactor which is connected to capa- 
citor bank; SS - electronic synchronization sys- 
tem; USAR ~ new controlled spherical discharger; 
SP .%; VT voltage transformer 
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The circuit in Fig. 1 is similar to the circuit published previously 
in this journal [4!, but it includes an extra reactor AD which is con- 
nected to the capacitor bank by means of the controlled spherical dis- 
charger (U.Sh.R) and the electronic synchronization system SS (immedi- 
ately after the arc has been quenched in the circuit breaker on test. 
The inductance of the reactor AD is such that a current of supply 
frequency (50 c/s) flows in the circuit Cy, — AD on closure of the 
spherical discharger (C,, - bank capacitance). Consequently, after the 
arc has been quenched in the test breaker TR, the capacitor voltage is 
cosinusoidal in shape and, in view of this, the recovery voltage at the 
terminals of the test breaker, equal to the sum of the generator e.m. f. 
and the voltage at the capacitor bank Cy, will also have the convention- 
al cosinusoidal shape. 


Best use is made of the equipment by connecting the capacitor bank, 
surge generator and test breaker in the test circuit through power 
transformers. 


To achieve maximum test power the system must operate normally and 
this requires initially that the amplitude of the free os¢illations 
should vanish completely (provided compensation is not used for damping 
the test current). It will be seen from expressions Al and A2 in the 
appendix that this condition is satisfied if the initial capacitor 
voltage (U%») equals the amplitude of the voltage drop on the capaci- 
tance from the forced component of the current and if the phase of the 
connexion 7 equals the phase angle between the forced current compo- 
nent and the generator e.m.f., i.e. if (including the change in sign) 


(1) 
and 
(2) 
But if the attenuation of the test current is to be compensated, the 
initial conditions have to be slightly different from 1 and 2. They 


are selected in such a way that the decay of the test current is reduced 
owing to the presence of a transient component of frequency reduction. 


The series method of connexion also allows an increase in test 
current when the self-reactance of the bus-bars or the dynamic stability 
of the generator are the limiting factors. The self-reactance of bus- 
bars can be compensated by the capacitor bank Cy: 


Overvoltages can occur at the capacitor bank if conditions 1 and 2 
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are not satisfied at the beginning of the test. Protection is provided 
by arranging a gap (an “arrester’) As ic in parallel with the bank which 
shorts the bank, or else, (to reduce {fe discharge current), closes it 
through an additional inductance Leaae which produces a high frequency 
current in the discharge circuit. It has been shown by calculations 
and tests that the fault current is no larger than the maximum short- 
circuit current of the surge generator. 


Trial rupturing capacity tests have been carried out on VMG-133 type 
circuit breakers at breaking currents of 10 and 20 kA and a voltage of 
10 kV in order to assess the merits of the system and to check the 
design formulae. 


> 
‘trip S| 
Ure \ 
Pressure 


-/ 
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Fig. 2. Magnetic (a) and cathode-ray (>) ascillograms 

of direct test on a VWWG-133 type circuit breaker with 

the surge generator and oscillatory circuit connected 

in series. itrip — tripping current; U7, — voltage at 
the rminals of the test breaker. 
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A TI-12 type generator was excited to 6 kV for the tests. The 
capacitor bank was connected to the test system via an intermediate 
transformer. The voltage across the secondary winding of the trans- 
former was 4 kV (20 kV on the capacitor side). The bank incorporated 
32 capacitors (type KM-30-19) for test currents of 20 kA and 16 capaci- 
tors of the same type for 10 kA, 


Pig. 2 shows oscillograms taken during tests at 20 kA. 


The tests showed that the proposed method is only slightly more com- 
plicated than the conventional system and that good agreement exists 
between test and calculated data. 


Not only does the series system allow the summation of power, the 
compensation of stray inductance and the damping of the short-circuit 
current, but it also makes the best possible use of the available test 
equipment, thereby providing additional power for testing. 


Connexion in parallel 


Fig. 3 illustrates the parallel method of connexion. The test plant 
includes a surge generator, a Gorev oscillatory circuit and the breaker 
test. The test method is as follows. First the surge generator is 
excited to the required voltage = 008 (wil+ At the same time 
the capacitor bank is charged to fhe vol tage Veo = Fax’ Then, with 
the test breaker connected and the phase of the generator voltage ¥° 


Reg. 


equal to -tan™! (so that there will be no aperiodic component inthe 


w 
& 


generator current), the generator circuit is closed by the new synchro- 
nous switch VA, for the generator. At the same or a slightly later time 
an oscillatory circuit switch 1,,. makes the oscillatory circuit and the 
extreme branches of the scheme begin to carry the generator current i 
and the oscillatory circuit current ‘oe, and the branch of the test 
breaker TS carries the total current 1. To achieve complete equivalence 
in the tests it is necessary for the oscillatory circuit current to 
attain its zero value slightly after the generator current in the half- 
period when the arc is quenched in the test breaker®, The total current 


i then attains zero slightly after the generator current (at the moment 


* This can be achieved ty slightly reducing the frequency of the oscillatory 
circuit current compared with that of the generator current or ty switching 
on the oscillatory circuit current slightly after the generator current. 
Both methods can also be used at the same time. 
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when the instantaneous values of i. and i are compared). 


oc 

After the arc has been quenched in the test breaker, the series- 
connected (sic) generator and oscillatory circuit from a single closed 
circuit which carries a small balancing current ip: This current i) 
attains zero a few hundred microsec after the arc has been quenched in 
the test breaker and at this point is interrupted ly the “tripping 
device” TD 56 of the oscillatory circuit which is arranged to operate at 
the precise moment when this will ensure the quenching of the arc in 
the corresponding half-period of current. In the tests this “tripping 
device” was either a special] breaker or the second pole of the test 
breaker. 


PB vA, RR, 


~)SG 


Fig. 3. Main circuit for combined use of surge 
generator and Gorev oscillatory circuit connec- 
ted in parallel. 


Legend as in Fig. 1 plus MAT - master air-cored 
transformer; 7S - trigger scheme; 7D - trip- 
ping device (oc = oscillatory circuit): T - trans- 
former; PAU — new automatic test control device. 


When the arc has been quenched in the test breaker, the voltage 
begins to recover at its terminals at a rate determined by the equiva- 
lent inductance of the whole scheme and the capacitance of the bank Cy: 
Before the arc is quenched in the oscillatory circuit tripping device 
TD oe the recovery voltage has an intermediate value between the genere- 
tor e.m.f. and the voltage on the main capacitor bank; after the arc 
has been quenched in TD 50+ it becomes equal to the generator e.m. f. 
Since the system has been tuned so that e. and u. are close to each 
other in value, it can be assumed that the recovery voltage is equal to 
the generator e.m.f. Here the test power of the plant equais 


s/c rec 


Thus, the power of the oscillatory circuit and generator are «.so 
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added if the parallel system is used. 


The current is controlled by means of the reactors AR, and RR oo 
Since both branches operate independently in a given system when the 
test breaker is connected, the maximum total current depends on the 
power of the sources at the given voltages. 


The “tripping device” TD. can either be the second pole of the test 
breaker or a special breaker. It should be mentioned that another 
function of the oscillatory circuit tripping device is to serve as a 
protective breaker to interrupt the oscillatory circuit current in the 
event of “disruption” of the test breaker (or failure in quenching), 
its main function of course being to disconnect the balancing current 


th: 


The system just described can be regarded as the basic circuit. 
Direct tests may also be carried out under other conditions with the 
generator current reaching zero before the oscillatory circuit current 
in the half-period when the arc is quenched in the test breaker. In 
this case a generator tripping device should be included 1D, for which 
the laboratory protective breaker PB may be used. 


After the arc has been quenched in the test breaker and then in the 
generator tripping device TD» the recovery voltage at the terminals of 
the test breaker is equal to the voltage of the main capacitor bank. To 
impart the same sinusoidal shape to it as in the series system, the 
capacitance C, is connected to the shunt reactor AD by the controlled 
spherical discharger U.Sh.R. directly after the interruption by the 
generator tripping device 


However, a detailed theoretical and experimental study of the con- 
ditions of the first passage of the balancing current ip through zero 
has shown that this modification is not so stable in operation as the 
fundamental system. Extra equipment (the shunt reactor, the new con- 
trolled spherical discharger etc) is also required. The basic system 
is therefore to be preferred. 


The following factors should be considered when adjusting (tuning) 
the circuit. The instant the arc is quenched in the test breaker, the 
current in the branch where the “tripping device” is installed must 
only pass through zero after the total current has done so. Other- 
wise the branch containing the tripping device can be disconnected 
before the total current i attains zero and a kink will therefore occur 
in the curve for the total current immediately before it passes through 
zero. Moreover, since one of the branches will be disconnected before 


YEAR | 
1961 


Direct testing of circuit breakers 235 


the total current i passes through zero, the rate of voltage recovery 
will depend solely upon the inductance of a single branch and not on 
the equivalent inductance of the whole scheme. 


The capacitors are protected from the surges which may arise if the 
tripping device fails to quench the arc, by a protective gap (arrester) 
A. which connects the bank Cy to the reactance Load’ 


Ic 
| 
CD 


Fig. 4. Main circuit of generator and oscil- 
latory circuit in parallel with an inductance to 
compensate current attenuation. 


Loc — coupling inductance; 78 — test breaker; 
Cy - capacitor bank; CD — charging device; 

Ic - interrupter for charge circuit; Loe - in- 
ductance of generator; vc - inductance of 


oscillatory circuit part. 


For tests on 6-10 kV breakers, the capacitors of the oscillatory 
circuit may be connected via step-down transformers T (Fig.3). For 
tests on breakers over 10 kV the generator, or generator and oscil- 
latory circuit, are connected to the test breaker via transformers. 

The oscillatory circuit is then connected by the controlled spherical 
discharger which is operated by a special control system consisting of 

a master air-cored transformer MAT and a trigger scheme TS which oper- 
ates the controlled spherical discharger almost immediately after the 
current begins to flow through the test breaker (after 100 to 500 » sec). 
It is not possible to use the same conventional spherical discharger 

for the parallel system as for the series system [4] since the voltage 
of the capacitor bank Yoo is applied to this discharger both before aad 
after the new synchronous switch VA. has operated. 


Compensation of the test current 


When testing circuit breakers with long arcing times, the efficiency 
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of the proposed method is adversely affected by the decay of the test 
current. In the proposed parallel system this is aggravated by the 
increased attenuation of the current in the oscillatory circuit. The 
decay of the test current can be reduced by pulsation (the “beat” 
method) or by compensating power losses. 


The “pulsation” method is based on the addition of two sinusoidal 
oscillations at close frequencies. Since the test current i is the sum 
of two sinusoidal currents (i, and ioe) it follows that the frequency 
of the current in the oscillatory circuit can be so selected and the 
connexion of the oscillatory circuit to the test circuit so timed that 
a non-decaying or even increasing test current can be produced in part 
of the test breaker circuit [5,6]. The best possible use is obtained 
from the equipment if the current in the oscillatory circuit is greater 
than 50 c/s. This involves no alteration in the test plant because the 
command from the controlled spherical discharger can be delayed as 
required by the new automatic test control device PAU or by installing 


an electronic time relay between the trigger scheme 7S and the SP device. 


In the other method of compensation a small coupling inductance L s 
(Pig. 4) is connected in the test breaker circuit which compensates the 
losses in the oscillatory oircuit by the active power of the generator 
in the same way as in tuned circuits described by Lugovoi [1]. The best 
result is obtained by adjusting the system so that both methods of com- 
pensation can be used. 


The system has been proved in the high-voltage test laboratory at the 
All-Union Electrica] Institute in Leningrad. 


The second pole of the VWG-133 circuit breaker on test was used as 
the tripping device TD, to study the basic circuit, and the laboratory 
protective breaker to study the modified circuit. Figs. 5 and 6 show 
magnetic and cathode oscillograms which illustrate the performance of 
the system for basic and modified connexions. 


The tests confirmed the theoretical conclusions and showed that there 
is practically no difference between the tuning of the parallel system 
and the tuning of conventional systems with a generator. 


Appendix 1. 
Formulae for series system of connexion 


In the analysis the real generator is replaced by an equivalent 
generator with an e.m.f. Pa which decays with a time constant 
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‘a, and a super-contact reactance (literally, a super-transfer resis- 
tance) xj. The generator e.m.f. is re-written in the form: 


where a is a coefficient which is found experimentally from the 
attenuation of the symmetrical component of the short 
circuit current in a conventional inductive circuit. 
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Fig. 5. Magnetic (a) and cathode-ray (b) oscil- 

lograms of direct tests on a VWG-133 type circuit 
breaker in the basic parallel system. 

boc - oscillatory circuit current; ig — genera- 

tor current; i — test current; Ung — voltage at 

terminals of test breaker; Um — voltage at ter- 


minals of test breaker 7B; 2 -— graduated frequency. 
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Pig. 6. Oscillograms of tests on a VWG-133 
circuit breaker in the modified system 
(Notation as in Fig. 5) 


On the stated assumption, the total current i in the test circuit, 


the voltage drop in Ue at the capacitor bank, and the recovery voltage 
Urec can be found from the following expressions: 


i= J Sin (ot + + + 


k 
+] scr N cos + 


(Al) 
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Uc Uc guy 608 (wt + be + — (A2) 
Ue ax N sin (wt + 6) 


(ot + §) + 


Ke * Ycosat), 
P, mx C max Coe 
*g ¥sh 


k+l U 
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+ 8) 
Ue mx 


k+l 
sin + 3) 


tae - the decrement in attenuation of the high frequency component; 
t= the length of time that the test current flows; 


‘, = the decrement in attentuation of the current in the capacitor 
bank - reactor circuit (C,, - RD); 


t. — time from the moment the arc is quenched; 
L - inductance of the surge generator part; 
L. — inductance of the oscillatory circuit part; 


Formula for the parallel system. The generator current i. and 
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oscillatory circuit current toe Can be found from the formulae 


E 
i= sin (ot +, + 9) (A4) 
i= ete (A5) 


The recovery voltage, without including power losses, can be found 
from the expression: 


loc 
U 
co + (E gas Ted COS (A6) 
The balancing current tb and capacitor voltage Ue can be found by 
transforming expressions Al and A2 to suit the parallel system: 
E wax 
— COS (ot + 4 (A7) 
+E wax (I+ ) 
iy = max, (of + — 
cos (A8) 
where “oles 
Proc 
a= 


- the phase angle between i. and i; 
max. ¢ & 

‘bo - the initial value of the balancing 
current which is equal to the instan- 
taneous value of i g at the moment the 
arc is quenched in the test breaker. 


Translated by O. Blunn 
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THE NEW NINE-VALVE SIX-PHASE RECTIFIER UNITS* 
L.S. FLEISHMAN 


(Uralelektroapparat ) 


(Received 31 January 1961) 


Some time ago the electrical works “Uralektroapparat” in the U.S.S.R. 
made a large 3300 V 12-valve rectifier unit for Soviet railways which 
was quite original in that two valves were connected in series in each 
phase. Its rated output was 10,000 kW and this compared very favourably 
with foreign 24-valve units with rated outputs of up to 8000 kW. 
Furthermore, it was as efficient as any other existing unit, it saved 
material (5.3 kg per kW instead of 7 to 13 kg per kW) by the greater 
output of the individual valves, and only one TMR U-6200 type trans- 
former was required instead of three of four TMRU — 1600 type trans- 
formers [2]. 


One of these units has been in service for two and a half years at a 
traction sub-station on the Omsk railways and no arcbacks have occurred. 
The average daily output was 8350 kW and the peak output 16,000kW. The 
average output over five-hour periods of continuous operation was 
12,000 kW. More than a hundred such units are now in use on the rail- 
ways and arcbacks have been almost completely absent. 


However, experience has shown that these units have excess capacity 
as regards valve strength and current. This could be used to increase 
rated outputs up to 15,000 and 20,000 kW, but there is no demand for 
such large units. It is therefore proposed to take advantage of the 
increase in power and improved reliability and produce low cost recti- 
fier units which can also be used in other branches of industry [1]. 
The results of tests on the new nine-valve unit [3] are given below. 


* Elektrichestvo, 5, 58-62, 1961. 
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The main circuit of the nine-valve unit is shown in Fig. l(a). It 
will be seen from a comparison of this circuit with that of the original 
twelve-valve unit in Pig. 1(b) that each valve of the cathode group in 
the twelve-valve unit is supplied from two valves in the anode group. 
The performance of the valves is illustrated in Fig. 2, from which it 
will be seen that the valves of the cathode group conduct current twice 
in each period so that the mean value of the current in these valves is 
twice that in the valves of the anode group. The reverse voltage is 
also applied to each valve in the anode group twice in each period for 
a time defined by the angle (60-Y)?. 


The reliability of the two systems will now be considered. 


If a cathode spot occurs on the anode of a valve in the cathode 
group, an arcback current can only flow if the cathode spot arises 
Simultaneously (more exactly, within the limits of the time of the 
existence of the cathode spot) on one of the anodes of two valves in 
the anode group connected to it. Consequently, the probability of arc- 
backs in the twelve-valve or nine-valve unit is definable as the product 
of the probabilities of cathode spots occurring on series-connected 
valves 


Fig. 1. The nine-valve (a) and twelve-valve 
(b) rectifier systems. { - anode group of 
valves; 2 - cathode group of valves. 


However, other things being equal, arcbacks are only half as likely 
in the nine-valve unit because an arcback will occur in the twelve- 
valve unit if a cathode spot should occur say on the anode of valve 1’ 
and simultaneously on valve 1, whereas in the nine-valve unit the 
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cathode spot must occur on the anodes of valves { and 4°, 


If the cathode spot first arises on the anode of a valve in the anode 
group, say the anode of valve {, then the other valves except 4, which 
is in counter-phase with it, can only take part in the arcback if a 
cathode spot also arises on the anode of the valve 1’, Consequently, 
even in this case, the probability of an arcback is definable by the 
product of the probabilities of cathode spots on the anodes of series- 
connected valves. But valve 4 is a different matter which must be con- 
sidered in more detail. 


Suppose a cathode spot occurs on the anode of valve / at the instant 
ty: Valve 4 cannot feed the anode of valve { before the moment to 
Since its anode still has a negative potential (Fig. 2a). After the 
instant to valve 4 cannot feed valve 1 if a control pulse is fed to the 
grid of anode 4 at the instant ¢,. at a slightly advanced angle relative 
to the natural angle of ignition. This condition has to be satisfied 
by an appropriate phasing of the pulses relative to the anode voltage 
with the angle advanced between 3 and 5°, as read from the instant t,. 
Partial arcbacks will only occur if the cathode spot on the anode of 
valve 1 occurs after the anode of the counter-phase valve has fired, or 
if the cathode spot precedes the firing of the counter-phase valve. 


In rectifiers with controlled grids, by far the largest majority of 
arcbacks occur on the “front” of the reverse voltage [5]. Some experts 
consider that arcbacks other than on the front of the reverse voltage 
are only possible if the vacuum is bad [6]. The commutation angle is 
about 45° for actual commutating inductances and overloads of 4500 A so 
that the angle is behind about 15° up to the moment the counter-phase 
valve is ignited. However, there is very little time for cathode spots 
to exist if there is no supply of energy. Consequently, there is prac- 
tically no difference in reliability between the twelve-and nine-valve 
units if the cathode spot occurs on the front of the reverse voltage**. 
Only in relatively rare cases when cathode spots occur with the “ampli- 
tudinal” value of the reverse voltage across the’ valves in the anode 
groups will partial arcbacks take place. 


* It is assumed that the probability of arcbacks om the three valves of the 
cathode group in the nine-valve unit is equal to that on the six valves of 
the cathode group in the twelve-valve unit, for the valve current is the 
same in value in both units. 


** In principle the probability of an archack in twelve-valve units is 1,5 to 
2 times less, but this difference has no practical importance in series- 
connected systems. 
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The full and partial arcback currents will now be compared. 
Utevskii has shown that the arcback currents of three-phase recti- 
fication systems can be determined by the following differential equa- 


tion which holds good if the anode on which the cathode spot arises is 
only supplied by one valve: 


+2L, +2r,i=0 


where Uses is the maximum value of the phase voltage, Le the inductance 
of the phase, and re the resistance of the phase. 


d) 


Fig. 2. Curves of the rectified voltage (a) and 

the anode currents and reverse voltages of valve 

1(6), valve 4(c) and valve {’ in the cathode 
group (d). 


With a partial arcback, the arcback current is found from the equa- 


tion 
QU t+ 4L,+2r,i=0 
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The impedance of balancing reactors and the arc voltage of the 
valves can be ignored. The four fold value of the circuit inductance 
is explained by the fact that the partial arcback current flows through 
transformer windings which are disposed on the common core of a magnetic 
circuit and, consequently, their total reactance is proportional to the 


square of the number of turns*. 


Full arcback currents may be calculated by Utroskii’s equations (7). 


Fig. 3. Full and partial arctack currents. 


i - full arc-back current; 2? and ? - components 
of the full arc-back current; 4 - partial arc- 
back current; 5 and 6 - anode phase voltages 
determining the partial arc-back current; 7 - 
line voltage determining the first component of 


the full arc-back current. 


The relative values of full and partial arcback currents are shown 
in Fig. 3. It will be seen that the current of a partial arcback is 
about 40 per cent that of a full arcback and, consequently, the e.m.f.’s 
acting on the transformer windings are reduced to about 16 per cent, 


It should also be mentioned that with partial arcbacks the current 
and e.m.f.’s are also substantially reduced by the zero sequence im- 
pedance which appears due to the current flowing through the transformer 


* Becondary windings of transformers are made so that their leakage fluxes can 
be ignored. 
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windings on a single core when the primary windings are star-connected, 


The curves in Fig. 3 also show that the current of a partial arc- 
back is maintained for about 270° under the most unfavourable conditions 
for which arcbacks can occur. The intermittent nature of the current 
must be due to the automatic-elimination of partial arcbacks during a 
time less than one “period” which prevents breaks in the supply of 
energy. 


It is worthwhile studying the distribution of the total reverse 
voltage between the series-connected valves in the nine-valve system. 
Fig. 2 shows the reverse voltages as calculated by formulae obtained 
from the equivalent network in Fig. 4 for the condition when all the 
valve impedances are equal. In the calculation it has to be borne in 
mind that the valve cannot sustain the forward voltage for a period of 
time equal to that taken for the control capacity of the grids to recover. 
Therefore, as will be seen from Fig. 2, the reverse voltage on valves in 
the anode group at commutation angles less than 19° appears gradually 
and even with a slight delay. The curves have been corroborated by 
oscillograms taken on a scale model using T-235 type thyratrons. In 
water-cooled mercury arc rectifier systems the cathode valves are 
shunted by the resistance of the water and, as a result, the reverse 
voltage diminishes and slightly alters the shape of the reverse voltage 
on the anode and cathode valves. 


It is already known that each cathode valve conducts current twice 
in each period and therefore two triggering pulses are also required in 
each period. Fig. 5(a) shows how this can be done by a grid circuit 
with a peaking generator. Two impules are supplied in each period by 
connecting the counter-phase windings of the peaking generator in paral- 
lel via semiconductor rectifiers which suppress the negative impulse. 
The grids of the valves in the anode group are supplied in the conven- 
tional way. Fig. 5(b) shows a simplified system using a grid trans- 
former (the control impulses are sinusoidal). 


The circuit impedances must be made such that the arcing of the grid 
extends about 120° for each half-wave of voltage. 


In addition to tests on scale models, tests have also been carried 
out in the works laboratory and by the Omsk and October railways jointly 
with the WPS Central Research Institute on the automatic elimination of 
artificial partial arcbacks. Ordinary service tests have also been made. 


The artificial partial arcbacks were produced by firing a valve which 
was connected “counter-parallel” to one of the anode valves. The tests 
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showed that no partial arcback current flowed when firing the counter- 
parallel valve in the period of time to-to: On applying a triggering 
impulse to the grid of the counter-parallel valve, a partial arcback 
current only began to flow after the instant ¢.. Its maximum value 
reached about 8350A. The partial archack current roughly corresponded 
to an angle of 270°. Under the same conditions, full arcback currents 
were about 22,000 A. In these tests the rectifier was supplied from 
two TYRU-6200 type transformers with delta primary windings. 


cot. rev. 1 tot.rev. 4 


Fig. 4. Equivalent circuit for the distribution 
of the reverse voltages. 


In a second series of tests the partial arcback currents reached 
4200 A with the rectifier again supplied from the same transformers 
with delta windings. The large difference in the partial arcback cur- 
rents can be explained by the fact that the TMRU-6200 trancformer in the 
a TDNG-15,000/110 step-down t ransformer, 


second test was supplied through 


the reactance of which further reduced the current. 


As Su .u as the partial arcback current began to flow, the total 


reverse voltage was applied to one of the valves in the cathode group 
when it was conducting. When such units are used on electric railways 
the valve receives a reverse voltage of 7500 V at currents of 2000 A or 
more. If the conditions are so severe that the valve cannot sustain 
them even for one period, the partial arcbacks will change into full 
arcbacks and the multiplication rule for the probabilities will no 
longer be valid. ‘the capacity of cathode valves to sustain such con- 
ditions was tested by artificial] partial arcbacks in a “contact network” 
(with overhead wires?) at loads up to 3000 A. Fig. 6 shows one of the 
oscillograms of artificial partial arcbacks caused at the instant whe. 


the reverse voltage was initially a maximun. 


Several dozen artifical partial arcbacks were produced in all, and in 
every case they were automaticaly eliminated, i.e. they took place with- 


causing any of the protective gear to operate and without disconnecting 


the unit. 
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The service tests on the reliability of the unit were carried out in 
April 1960. The test unit was composed of two ARMNV-750 x 6-P rectifi- 
ers assembled according to the nine-valve system. The unit was tested 
for 140 hrs. Its mean output was 5,700 kW, and its peak hourly output 
10,000 kW. The largest current reached 3600 A. 


Mring the tests 15 partial] arcbacks were registered and all were 
automatically eliminated. There were no full arcbacks. 


os 


Fig. 5. System of supplying control pulses 
to valves in the cathode group. 


The same unit was subjected to another series of tests in July 1960 
in order to check whether the probability of partial arcbacks could be 
reduced further and to accumulate more experience of service con- 
ditions. On this occasion the angle of advance of the grids in the 
anode group of valves was reduced by about 15° to roughly 5°. The mean 
output of the unit rose slightly to 5860 kW. A lengthy period of 
service (over 900 hrs) showed that its overload capacity was high. The 
peak rectified current reached 4500 A and the hourly output 12,000 k¥. 
The temperature was held at 30 to 45° C during service. Five full arc- 
backs occurred at intervals of a few hours during the service tests. In 
every case it was found that the flow of water had ceased through some 
of the valves owing to air locks but there were no full arcbacks after 
changing over to different heat exchangers. There were also five partial 
arcbacks and three were automatically eliminated. In the other two 
cases the partial arcbacks were accompanied by the tripping of the oil 
circuit-breaker; the high-speed cathode breaker, polarized to the re- 
verse current, remained connected. These two cases can apparently be 
explained by the re-occurrence of partial arcbacks in two adjacent 
periods on the same or other anodes of valves in the anode group. 


It is important to point out that no full or partial arcbacks 
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occurred during maximum loads, which is further evidence of the high 
overload capacity of the unit. The service tests showed that a re- 

duction in the angle of advance from about 20 to 5° reduced the fre- 
quency of arcbacks by more than an order of one. 


Fig. 6. Oscillogram of an artificial partial 
arc-back: 


1 - impulse triggering the counter-parallel 
valve; 2? - the partial arc-back current; 
3 - the total reverse voltage. 


Cenc lusions 


1. Thenine-valve rectifying system permits the development of 
rectifier units on the basis of the existing RMNV-type valves with a 
rated output of 10,000 kW and a voltage of 3300 V which are capable of 
operating at hourly outputs of 12,000 k¥ with peak outputs of 15,000 kW. 
The majority of traction sub-stations may therefore be equipped with 
one large unit which considerably reduces costs. 


2. Compared with the twelve-valve units, the new system saves about 
25 per cent on the weight of the rectification plant and control cabinet 
without affecting the rated output or overload capacity of the unit. The 
efficiency of the nine-valve unit when operating with TMRU-type trans- 
formers is hardly inferior to that of the twelve-valve unit and at 

loads of 0.75 or less its efficiency is higher than that of units with- 
out valves connected in series. 


3. The rated mean output of each valve in the nine-valve unit is 
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1100 kW compared with 825 kW for the twelve-valve system and 333-412 kW 
for foreign units. 


The new unit is also more reliable than foreign units. 


4. There is no real disadvantage involved in designing the valves in 
cathode group for currents double those in the anode group, at least as 
far as voltages of the order of 3000 V are concerned, since valves are 
only required for mean currents of approximately 1000 A. It will be 
appreciated that there is no great difficulty involved in producing 
such valves if it is borne in mind that the effective anode current in 
the nine-valve system is less than that in the original system by a 


factor of Y 2 and that its amplitude is only half as much. 


The stated test results show that the valves produced by “Uralelek- 
troapparat” satisfy these requirements. Valves of 1000 A are also 
produced abroad. Furthermore, the series connexion of these valves 
means that means that they need only satisfy requirements as regards 
thermal stability. Their strength need not be nearly so high, for they 
only have to sustain the total reverse voltage and take overvoltages into 
account. 


5. It is expedient to use nine-valve units in those applications of 
mercury arc rectifiers where (1) it is more economical to use plant 
with the two reverse star system (AY) and a balancing reactor than gear 
with the three phase bridge system; (2) where the production of double- 
current cathode valves presents no difficult technical problems; (3) 
where it is otherwise impossible to obtain the required power in one 
compact unit without series connexion. 


Translated by O.M. Blunn 
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Control engineering 


The motor drive of a rolling mill reeling machine with an 
astatic regulator for strip tension. F.F. Olefir, et al., 
(pp. 23-30). 


A description is given of the motor, reeler and regulator which have 
been developed for a five-stand mill for the continuous rolling of 
cold-rolled strip. The new system features constant strip tension 
whent he mill is at rest, tension is maintained at low speeds, motor 
current is constant from starting to stopping of the reeler and the 
speed of the roller is adjusted to the diameter of the roll. 
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The motor drive of the flying shears in continuous billet 
mills. M.Ya. Pistrak et al., (pp. 31-38). 


The gearing and special cutting devices used in the flying shears on 
Russian billet mills are described. It is claimed that this system 
is superior to Western electrically speed-balanced shears when 
billets are standardized to one or two lengths. A study is also 
made of the system of synchronization. 


Insulation 


The maximum electrical field strength of the paper-oil 
insulation of gear used in d.c. transmission. G.S. Kuchinskii, 
et al., (pp. 64-68). 


A study is made of the electrical insulation of current transformers 
and isolators on 400 kV d.c. transmission lines with particular 
reference to the sharp edges of electrodes and ionization. 
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The e.m.f. induced by the radiation of dielectrics. 
N.G. Drozdov, et al., (pp. 68-69). 


An account is given of the weasurements which have been taken to 
establish the magnitude of the e.m.f. which can be caused by low- 
energy X-ray radiation of dielectrics. It is claimed to be of the 
order of 0.1 V. The mechanism whereby much larger e.m.f. have been 
measured is explained in terms of the effect of a high voltage in 
which the specimen is regarded as part of the dielectric surrounding 
the X-ray tube. 


The electrical strength of mica in impulse tests in vacuun, 
V.A. Dubinskii, (pp. 71-73). 


Various tests which have been carried out to determine the electric 
strength of mica splittings in vacuum are described. In one test 
the splittings were boiled in carbon tetrachloride, in another the 
surface of the splitting was roughened by applying a processed 
coating of anhydrous “gO and in another test the splittings were YEA 
subjected to intense ultra-vivlet radiation. The effect of anneal- 196 
ing in hydrogen is also considered. 


Power systems 


The optimum spacing of supports for overhead aluminium- 
sheathed cables. V.V. Bolotin «t el., (pp. 9-12). 


Tests and a mathematical analysis show that the best results are 
obtained by spacing the brackets of overhead aluminium-sheathed 
cables 4 to 7 m apart. 


The conductivity of reinforced concrete piles for the 
pylons of 154-500 k¥ transmission lines. N.P. Katigrob, 
(pp. 13-15). 

An account is given of research into the footing resistance of 
reinforced concrete piles for the pylons of 154-500 kV transmission 
lines. In clayey and clayey-sandy soil the resistance has been 
found to be somewhat less than 10 ohms. 


Rectifiers 


The steady state electromagnetic phenomena in a full -wave 
rectifier with a centre-tapped transformer. A.M. Utevskii 
et al., (pp. 16-23). 


A graphical-analytical study is made of the relationship between 
the operating conditions, operating characteristics and rating of 
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rectifiers and the type of load and supply scheme. 


A semiconductor power relay. Y.1I. Grinshtein, (p. 70). 


A prototype power relay is described consisting of a phase com- 
parison circuit and an executive device in the form of a two-stage 
transistor amplifier with a polarized relay at the output. Its 
performance is claimed to be superior to inductance relays. The 
relay is light in weight and compact in design. 


Rotating machines 


A method of determining optimum frequency for small 
induction motors. I.P. Pil’, (pp. 44-47). 


A mathematical method of determining the optimum frequency is 
proposed and close agreement is obtained with test results. The 
implicatiqns for small enclosed motors and motors for manually- 
operated mining drills are considered. 


The geometric loci of induction motor currents when the 
frequency is variable. G.M. Kirichek, (pp. 48-52). 


A graphical-analytical method is proposed for plotting the geometric 
loci of induction motor currents for the general case when the vol- 
tage is proportional to the frequency. 


The conditions under which three-phase windings of elec- 
trical machines will set up a circular retating magnetic 
field. .G. Painshtein, (pp. 62-63). 

The author shows that there exists a number of combinations of 
three-phase winding systems and currents which will form a rotating 
field. Expressions are also obtained for an elliptical field. 


CRITERIA OF ELECTRIC ORE-SMELTING FURNACES* 
A.S. MIKULINSKII 


(Institute of Metallurgy, Urals’ Branch of the 
U.S.S.R. Academy of Science) 


(Received 20 March 1961) 


One of the main problems in the development of electrigal ore smelt- 
ing furnaces is that of increasing the output of the individual unit. 
This would mke it possible to reduce the capacital outlay and running 
costs so much that it would be economical to produce even pig iron in 
certain parts of the U.S.S.R. The solution of this problem depends to 
a large extent on the development of methods of determining the optimum 


parameters of furnaces. 


It has been established in previous papers [1,2,3] that the geometric 
and electrical magnitudes of electric furnaces should be fixed so as to 
ensure a particular energy distribution in the furnace. It is an 
urgent problem to determine those criteria of the furnace which would 
ensure the same energy distribution in actual furnaces as in “specimen” 
furnaces with the best possible operating indices. This requires 
geometric and electrical similarity between actua] furnaces and the 


“specimen” furnace. 
Furnace dimensions 
In two previous papers [1,2] it was proposed to use the diameter of 


the electrode as the determinative quantity for furnaces with circular 
electrodes. Geometric similarity is attained by »bserving the following 


* Elektrichestvo, 6, 33-38, 1961. 
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criteria: 


(la): =b' (lb); ==/' (1c), 


where f is the distance from the centre of the electrode to the internal 
wall of the furnace, 6 the distance between the electrode centres, | the 
distance from the lower face of the electrode to the zone of compara- 
tively low specific electrical resistance (see diagram), and d the 
diameter of the electrode. 


SION 


ay 
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Fig. 1. 1 - brickwork of furnace; 2? - melt; 
3 - level of charge; 4 - electrode. 


It has been established (4) by an analysis of the electrical field 
in a 2-electrode furnace that an increase in 6’ is accompanied by an 
increase in the current between the electrode T 4. At values of 6’< 
2.25 to 2.75 the value of I, remains practically constant. It there- 
fore follows that it is inadvisable to increase 6’ above 2.25 to 2.75 
in order to reduce the current IJ 3° 


The same conclusion was reached by Sergeev [5] and Platonov after 


measuring the electrical resistance on a model where the slag was 
imitated by water solutions and the molten metal by a metallic plate. 


For furnaces with square electrodes 
l= V a, ki a, a”. (2) 


where a2 n_ is the section of the electrode and 0 =f, is the ratio 
between the largest and smallest sides of the electrode. 


Analysis of electrical fields [1,2] 
The secondary voltages in the furnaces can be determined by analysing 
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the electrical fields. The electrical conductance of the carbon lining 
of the furnace and live electrodes is taken to be many times greater 
than that of the charge. Thus the surfaces of its carbon parts are 
isopotential. 


It is known that the coefficients of the charge conductance are a 
function of pressure and temperature. Iu order to include them in the 
analysis it is assumed that they are constant in the horizontal section, 
whilst with changes in height they vary according to the equation 


i 


where (4 and Ay are the conductance coefficients of the charge over a 
height z and if zs = 0 and A is a coefficient which includes the change 
in conductance with height. 


As a result of solving the Laplace differential equation, the current 
has been found as a function of the diameter of the electrode d and the 
extent of the suo-electrode space |. 

We require to find a formula for determining the furnace voltage. 
Suppose that the voltage Uy of the furnace at a current of 100 A with a 
uniform specific electrical resistance of the charge is equal to unity. 
With a specific electrical resistance of the charge in the lower part 
of the furnace p’ = 1, a radius r = 1 and a current J = 100 A, we get: 

100—= (3) 


where k’ is a coefficient which includes the geometric shape of the 
electrical field (shape factor). 


The ratio of the specific resistances in the upper and lower parts of 
the electrode are: 


where H is the depth to which the electrede is immersed. 


The current J is found from the expression 


Ud 
(4) 


where U is the voltage between the electrodes and the hearth, « a 
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coefficient which includes the effective specific resistance of all the 
charge, and R# the total resistance. 


From expression 4 [2]: 


or, putting 


kim 

and bearing in mind that U = const, it is found that 
p 
U= 7 


Equation 5 was found earlier [1,2] as well as in the paper by 
Morkramer [6]. 


Since, 
or d==k (5 (6) 
and putting A fcr all the constants, the following expression was 
obtained [1,2]: 
Pe 
U=AU, (4, (7) 


To calculate the value of a« it is useful to consider a linear 
conductor of length I) with a specific resistance p°7). It is assumed 
that the electrical field is solely defined by one coordinate z over 
the height of the furnace. 


First case: =p, (uniform conductor). The differential equation 
for the potential will be: 


The boundary conditions are U =0 if = 0, and UVU=1if«z=1. 
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The solution of the equation is 


2 
U=--. 


The current density is 


Second case: (non-uniform conductor). ‘The differential 
equation for the potential is 


aU 
ae 

The boundary conditions will be the same as before. The solution of 
the equation has the form: 


U,= 
The current density is 
dU 2h 


Comparing the values of the current density in the two cases, 


i= i, 


or, putting 


(8) 


J Pe dz 
YEA 
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=m j,=mj; e“=k, 
we get: 
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The criterion E.S. of electrical similarity [2,3] 


To ensure a given distribution of energy it is necessary to have a 
definite value |’, To calculate the optimum value of 1’ it is necessary 
to include its functional relationship with some dimension. The dia- 
meter of the electrode will be used as such a quantity. 


The value of E.S. for furnaces with circular electrodes. The expression 
for the current density in differential form is 


jm — grad U,, 


The left hand side of the equation corresponds to a stepped simplex 


/ 
(9) 


The right hand side of the equation corresponds to the stepped 
simplex P,: 


U U 

(10) 
The similarity criterion is equal to the ratio between the simplexes 

of equations (9) and (10) [1,7] 


Up 
(12) 
(11) only contains the specific electrical resistance of the charge 
materials or semi-products in the vicinity of the lower end of the elec- 
trode, since it was shown in a previous paper [3] that the value of 
this resistance was near to the effective specific resistance of the 

arc 


__US 
(13) 


where S and | are the section and length of the sub-electrode space. 


Py: 
U,d 
ko (11) 
or 
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The flow of current through the arc differs from that through the 
melt and in particular this manifests itself in a cathode and anode 
potential drop on the electrode surfaces adjacent to the arc. 


Expression (11) for the criterion £.S. only holds for a furnace with 
one electrode. For furnaces with two or three electrodes it is 
necessary to put MJ in the quantity F£.S. instead of J in view of the 
branching of part of the current between the electrodes. But since, 


Vi 


it is found that 


Ud U, 4d cos U, 4, cos 


where Uy and U; are the phase and line voltages of the transformer. 


For a furnace with one electrode ¥ = 1, but for furnaces with two or 
three electrodes W¥ is somewhat less than unity. 


Since under normal operating conditions between 4 and 6 per cent of 
the total current [3] is branched between the electrodes, it is neces- 
sary to take w = 0.95. 


The walue of E.S. for furnaces with square electrodes. For such fur- 
naces the value of | is defined by the equation (lc). ‘The expressions 
for the other quantities have the following form: 


15 
Upagni,” 
(16) 
an 


Thus, if it is assumed that the value of the multiplier ayn, is 


equivalent to d, then the rest of the above conclusions remain un- 
changed. 
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From equation 17: 


2 / 
ay ny 


j 


and, consequently, for furnaces with square electrodes the expression 
for the criterion 


Es 


coincides with (12) for furnaces with circular electrodes and is more 
general than equation (11). 


The relationship between current and output [3] 


YEAR To determine the quantitative link between the stated quantities it 
196] : is merely necessary to establish the voltage which would ensure an 
electrical field similar to the “specimen” field in the actual furnace. 


To establish the link between U or J and P use is made of equation 
(14) and the formula 


P=/ cose cos 9. 


The quantities and A are constant in furnaces of different power if 
the same product is being produced. ‘Therefore 


If it is assumed that 1, and cos @ are constant, then equation (19) 
will assume the form 


Uy =, (20) 
Finally, if it is assumed that pe is also constant, then 


= Cy, (21) 


Here 
, 
(19) 
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With an increase in power there is an increase in the depth of 
immersion of the electrodes and together with that an increase in the 
pressure exerted by the upper layers on the lower layers. Consequently, 
there is a reduction in the specific electrical resistance of the layer 
of the charge at the lower face of the electrode. In addition, the 
increase in pressure is instrumental in forming scum (crusts) in the ' 
furnace. Thus, the quantity p can be a function of power [1]. 


Accordingly, 


p== M,P?. 
Considering equation (18), 


23 


If and cos are constant, then equation (21) can be 
represented in the following form: 


0, = C5 ,P"- (22) 


In the same way it can also be shown that 


JmAJj ‘prs, (23) 
= (23a) 
1=A,,P'~*. (23b) 


The values of the coefficients for Sorr *8 well as A, to Aorr 
depend on the composition of the charge, the frequency ni depth of 
stirring, the frequency of tapping and other factors. These coef- 
ficients can be found from practical data of the voltages and outputs 
of the furnaces which provide the best results. 


Comparison of calculations with operating data 


In published literature it is said that the value n in equation (22) 
is 0.5 for certain furnaces with different outputs. However, Kamentsev 
[8] states that it is a question of a change in output in one and the 
same furnace. Curtis [9] also came to the same conclusion without any 
explanation. 
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Equation (21) can be represented in the form 


Since d = const and J =< in the case under consideration, it is 
found that 


0,5 
(22a) 
The value of £S with p and d constant corresponds to the equation 


U 
=const. (22b) 


Thus equations (22a) and (22b) hold good for furnaces with the same 
YEAR method of production and electrode diameter. 
1961 A The correctness of the foregoing relationships for furnaces with the 
same electrode diameter at different outputs does not contradict equation 
(21) or equations (23) and, being a special case, it actually confirms 
them. In view of this, it must be acknowledged that the conclusion of 


certain authors that the value + cannot be taken as constant if d 


varies at the same time as U, but that it does not hold if the latter 
quantity remains constant when U and I vary. 


It was pointed out in a previous paper [3] that the order of n in 
equation (22) can be less than 0.33. One of the reasons for the de- 
crease in the order of n with increasing output is that ; decreases in 
this case. The value of n can be influenced appreciably by this change 
under certain circumstances. 


Consider the following example by way of illustration. Using equa- 
tion (21), the valne of n is found from the expression 


log 0.33 108 


a= =: 
SP, 


According to the LKB project of the Electrical Purnace Trust, the 
value of j is 4.4.and 5.5 A/om? in 16,500 and 7,590 kVA furnaces res- 
pectively. A difference of 0.09 in the value of n is brought about by 
including the second term in the last equation. It is natural that if 
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n = 0.33 when j and other terms in equations (18) or (20) are equal, 
then the value n will be 0.33-0.09 = 0.24 when only one multiplier is 
included, namely, the difference in the value of j;. 


Consequently, other published equations with other values of n than 
0.33, are special cases of equation (21). 


The following conclusion can therefore be drawn, Assuming that 
Corr is constant in equation 22, which on], corresponds to certain 
special cases, then a will no longer be 0.33, it wili generally have a 
lower value, but in individual cases it can have higher values (for 
example, if j or the specific resistance of the charge increases with 
increasing power). 


Since the coefficient ¢,,,, is not a constant quantity [1,2,3] it is 
recommended that the value of this coefficient and the value of na 
should be found from two furnaces with different outputs. 


More accurate values of ES and U, 


The next step in refining the criterion FS is to include the specific 
properties of the arc discharge in the circuit for which the following 
relationship holds good 


U=a-+Ol, 


where « is the drop in arc voltage at the electrode which depends in 
particular on the nature of the vapours in the sub-electrode space 
(this value differs depending upon the technological design of the 
furnace). 


For a 100 kVA carbide furnace the expression for U can be written 
with averaged coefficients [10): 


U=15.5+ 3.41. 


Under normal operating conditions 4 to 6% of the current is branched 
between the electrodes [4]. Therefore, in the subsequent calculations 
it can be assumed that the greater part of the current in ore smelting 
furnaces flows through the arc and charge or the melt in succession. 
Furthermore, in view of the closeness in value of p and pir, ,. the 
voltage drop in the charge and the melt can be written in the form 


U=a+lp—. 
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Consequently, the voltage drop in the melt and charge is 


This new expression for £S differs from the previous one in that the 
term U-a is written in the first instead of U. 


It is more convenient to express the value of Uva in terms of Pua: 
It is found like U, = f(P) in the way shown above, e.g. by equations 
(12), (18), (19), (20) and (21). Consequently, 
The following expression can be used instead of 24 


(248) 


Since 


it is found that 


vd 
or 


Usa t U2, a= (25) 


In large furnaces a <Uyq and therefore when calculating them it is 
necessary bear in mind that the term v2, a <vu3.,. It is therefore 
possible to solve equation (25) by trial and error if a is assumed to 
be a small parameter. As a result 


2731/3 


3 


“va 


vu, = + a-- 


Ip 
Uy =U 7. 
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Current density in the electrode 


It will be seen from equations (7) and (21) that it is necessary to 
increase j to increase UV. An increase in j above a certain value is 
not permissible because the electrode can get much too hot or un- 
favourable coking conditions can arise. The need to include this 
factor has been dealt with by Alekseev [11]. 


An attempt will now be made to establish the link between j, P and d 
on the condition that the thermal balance of the electrode is preserved, 
One side of the talance contains the item 4 for the generation of heat 
owing to the transmission of current through the electrode and > for 
the influx of heat from the arc to the lower face of the electrode, 
whilst the other side of the balance contains 19. the dissipation of 
heat through the side surface, % the heat necessary for heating, coking 
and vapourizing the electrode, and qs the dissipation of heat from the 
lower face of the electrode to the electrode holder. 


The equilibrium equations are 


— hyd — 0, 


where L,p ,, ¢, ¥ and ! are the length of the electrode from the lower 
face to the electrode holder, the specific resistance of the electrode, 
its thermal capacitance, the specific gravity, and the expenditure of 
electrodes per unit of time. 


Considering equations ‘6) and (23), 


Fquations have been published wnich establish the Jink between d and 
Por I. It will now be shown that these relationships can be found if 
the items GW. % and q, are ignored in equations (26). 
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However, there is no foundation for ignoring these terms and in 
particular the item q,. It therefore remains for the assumptions under- 
lying the following relationships to be verified at a later date in 
order to see whether they correspond to operating data and to find out 
whether further refinement is necessary. 


If GW %% and q, are ignored, then equation (26) takes the form 


(27) 


Platonov (12 ] obtained a similar formulae from other considerations 
for furnaces with a constant specific power, i.e. the supply of power 
per unit area of the hearth for which we put ¢. 


Ignoring Wo % and qs it is found from equation (26) that 


7? 
or 
(29) 


It should be pointed out that Kelley’s [13] empirical equation has a 
similar form 


j= 250a~"”, (29a) 
where ; is expressed in amperes per square inch and d in inches. 
But equations (29) and (29a) are only approximate. 


The relationship between J and d can be established from equation 
(28): 


(30) 
It must be mentioned that there is only any point in determining the 
empirical coefficients in accordance with equation (26) to (30) on the 
basis of the furnaces’ operation where the values of j correspond to 
electrodes with the optimum thermal balance. 


It has already been shown [3] if the criteria of electrical and 


— 
— 
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geometric similarity are observed, that 
0,66 
cose”. (31) 


Assuming that ; and cos ¢ are constant, equation (27) is then ob- 
tained. Considering equations (21) and (27), it can be inferred that 
the voltage U if ¢ = const is equal to 


Thus, equations (27) to (30) and (32) correspond to a constant ¢ if the 
electrical and geometric similarity is observed. 


Since expressions (27) to (2C) ignore certain items in the thermal 
balance, it should be pointed out that "“orkramer [6] recommended that the 
following relationship should be used: 


20d", (33) 


But an error was committed here in that he took a constant ¢ along 
with this equation. It has already been established that equation (30) 
should have been used in this case instead. Incidentally, taking 
equation (33), 


It is necessary to find expressions for the relationships between ; 
and the other quantities for square electrodes. As before, the only 
items of the balance which are included are q,, ¢, for p,: 


L ° 
/ (a, + L; 
= =k, + n,). 


(34) 


Since, 


it follows that 


j=k,, (35) 


19¢ 
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To ensure the waximum values of U with increasing P, it is necessary 
to enlarge the heat dissipating surface of the electrodes. For 
example, it is possible to increase the power within limits without 
changing the thickness of the electrode (retaining the dimension 4)- 


The relationship between the electrode dimensions ay and I 
follows directly from equation (34): 


a)’ [n, (1 (36) 
Translated by O.M. Blunn 
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Purpose, construction and operating principle 


Modern aircraft use d.c. and stable frequency a.c. systems of elec- 
trical supply at the same time. In the majority of cases the d.c. 
source is a d.c. generator driven by the aircraft motors at a wide 
range of speeds. In order to obtain stable frequency a.c. in this case 
use is made of dynamo electric converters (motor-generators), provided 
with automatic voltage and frequency regulators. 


If the consumption of a.c. is relatively large, it is better to use 
special generator plant for generating stable frequency a.c. at various 
running speeds of the primary motor. Such generator plant can be a 
synchronous generator with a hydraulic drive, a synchronous generator 
with an electromagnetic clutch, a twin-machine system consisting of a 
d.c. generator and a single-armature converter besides other types of 
plant and dynamo-electric systems [1-5]. 


There is also a need to generate stable frequency a.c. at a wide 
range of rotational speeds in other branches of engineering, such as 
wind-driven power stations, small hydro-electric power stations with 
non-controlled turbines, new types of railway passenger cars etc [1-4]. 


The genera] disadvantage of known types of aircraft systems of 


* Elektrichestvo, No.6, 38-44, 1961. 
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generating stable frequency alternating current for varying rotational 
speeds is that the mechanical power of the primary motor developed by 
them is subject to a two-fold and even three- fold conversion. The 
efficiency of the system is therefore low and its weight is relatively 
large per kVA of output. 


In this paper a study is made of a new system which is intended for 
the simultaneous generation of direct and stable frequency a.c. for 
varying rotational speeds. It consists of a special twin-generator 
unit with two automatic regulators and a single-armature converter of 
comparatively low power. The system is relatively light in weight and 
it is highly efficient, since more than 85% of the electrical power is 
obtained direct from the twin-generator unit and only a small propor- 
tion of it is converted in the single-armature converter. The system 
can be used for any ratio of the powers consumed in the a.c. and d.c. 
networks, and even in extreme conditions when only a.c. or only d.c. is 
being generated. 


Fig. 1. Construction of generator unit. 


Fig. 1 illustrates the construction of the unit and Fig. 2 the main 
circuit of the connexions of the unit’s machines with the single- 
armature converter SC, the voltage regulator VA and the frequency regu- 
lator FR. 


The generator unit consists of an electromagnetic slip clutch with 
an excitation winding 3 and a three p) se winding 2 which is connected 
to the contact rings on the primary shaft 1, and a three phase synchro- 
nous generator with a rotating inductor 4 and a fixed armature winding 
5. The d.c, supply of the excitation windings is via three contact 
rings on the secondary shaft of the unit 6. 
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At a rotational speed ny of the primary shaft 1 the first machine of 
the unit 2 simultaneously operates as a synchronous generator supplying 
the a.c. network and as a clutch rotating at a speed No the synchronous 
generator connected via rectifier 7 to the d.c. network. From now on 
we will refer to the second machine of the unit as the restraint genera- 
tor. 


Depending upon the relationship between the power consumption in the 
a.c. and d.c. networks and the rotational speed of the primary motor, 
the balancing single-armature converter can convert d.c. into a.c. or 
a.c. into d.c. and under no-load conditions it can operate with supply 
from both ends. 


U; const 


f=const 


Fig. 2. Electrical connexions of machines and 
system regulators. 


The frequency of the a.c. is stabilized at different running speeds 
of the primary motor and different loads by the automatic frequency 
regulator FR which varies the excitation current of the restraint 
generator. The frequency of the alternating current F depends upon the 
the number of pole pairs p and the difference between the speed of the 
driving and driven parts of the clutch. 


To maintain the frequency stable it is necessary to maintain a con- 
stant speed difference between the driving and driven parts of the 
clutch since 


const 
| 
= 
g ] 
li9¢ 
VRE 
i 
(1) 
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Under steady state conditions the moving magnetic moment of the 
clutch is equal to the sum of the electro magnetic moment of the res- 
traint generator and the moment of friction of the driven part of the 
clutch. If there is no frequency regulator, an increase in the active 
load ona.c., adecrease in the d.c. loadand a reduction in the rotational 
speed of the primary motor n, will cause adecrease in the speed difference 
ming aud the frequency ovine to the balance of the moments being upset. 
In order to maintain the frequency constant under these conditions it 
is necessary to increase the torque of the restraint generator by a 
corresponding increase in the excitation current. In the opposite case 
it is necessary to reduce the torque of the restraint generator by 
decreasing its excitation current. 


The frequency is automatically stabilized if there is a frequency 
regulator FR connected as in the circuit in Fig. 2. 


It will be seen from Pig. 2 that the voltage in the a.c. network is 
stabilized by regulating the excitation current of the electromagnetic 
clutch ty the automatic voltage regulator VR. 19¢ 


The main circuit in Fig. 2 shows the voltage and frequency regulators 
in the form of conventional angle regulators as used in aircraft supply 
systems. Other types of automatic regulator could be used instead, 
including regulators with magnetic amplifiers which may be more reliable 
and convenient in use. 


Relatienship between machine output and 
system efficiency under different operating conditions: 
approximate weight of the system 


The mechanical power from the primary motor to the primary shaft of 
the generator unit P,, 18 partially converted in the electromagnetic 
clutch, as in a conventionai generator, to electrical power Poy The 
rest of the power is transmitted to the secondary shaft of the unit in 
the form of mechanical power Pao in which case 


P. 


The electrical power of the clutch including the losses in the armature 
cirquit and mgnetic system is 


x(n, — 
(3) 


Py, Pi + rr 4P.= 
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where a, is the electromagnetic moment of the clutch, My Mo the 
rotational speeds of the primary and secondary shafts, 1, the con- 
ditional efficiency of the restraint generator with the losses in the 
rectifier, the excitation circuit of the clutch and the friction losses 
of its driven part all included, ri. the electrical active power of 

the clutch, AP, are the electrical losses in the arwature winding 
cirait, DP ist the iron losses in the magnetic circuit of the clutch, 
“Vay the conditional efficiency of the clutch as an a.c. generator with- 
out the losses in the excitation circuit and the friction losses of its 
driven part included, and Py the useful power of the restraint genera- 
tor. 


The relationship between the d.c. power and the active a.c. power 
given off by the restraint generator and clutch respectively can be 
obtained from equations (2) and (3). 


YEAR (4) 
1961 

where 4. ==,--M,== const is the nominal difference in rotational 

spe ed. 


It is presupposed that the active Pia when the armature of the elec- 
tromagnetic clutch is greater than the active power consumed in the a,c. 
network Poe by an amount which exceeds the no-load losses of the 
Single-armature converter. In this case the power consumed in the d.c. 
network Paid is equa] to the sum of the powers given off by the restraint 
generator Py aid the single-armature converter Pac: Suppose that the 
unit of measurement is the total power consumed in the a.c. and d.c. 
networks 7 Pag) and that x denotes the relative power in the d.c. 
network. Then 


Poa= Pat Pao 
P 


The joint solutions of equations (4) to (6) gives the following 
expressions for the outputs of the electromagnetic clutch Pig: the 
restraint generator Po and the single-armature converter Pac: 


(1 — + + Prod). 
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kn, 4 Tac 
kn, 41 (9) 


‘sc 


Formulae (7) to (9) hold good for all unit operating conditions 
under which the single-armature converter converts the a.c. into d.c, 
i.e. with Pos 0. 


It is presupposed that the output of the restraint generator is 
greater than the power consumption in the d.c. network by an amount 
which exceeds the no-load losses of the single-armture converter, 
whilst the sum of the active power of the electromametic clutch Pia 
and of the single-armature converter Pose is equal to the active power 
of the a.c. network P_.. In this case the initial equations have the 
form: 


Py (Pug + (10) 


| on ==(l— x) Pia’ (11) 


As a result of the joint solution of equations (4), (10) and (11), 
to determine the active powers of the electromagmetic clutch, the 
Single-armature converter, and the restraint generator, the correspond- 
ing formulue are: 


— D+ NP aa + (12) 
jan, x (1 + (Png + Pra) 
P sco = (13) 
(14) 


Formulae (12) to (14) hold good for all operating conditions of the 
unit when the balancing single-armature converter converts the direct 
current into alternating current, i.e. when Pose > 0. 


The efficiency of the generator unit with the balancing single- 
armature converter when the latter is converting a.c. into d.c. is given 
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by equation (15). In the other case it is given by (16): 


Von 1 Mod 
Pos Nase Pauls 
Moat “na 


sea \ 


{ 
-} | | } | (16) 


+ 


where and are the real efficiencies of the single arwature- 
convetcer, the first machine and the second machine. 


When the system is operating in the middJe range of speeds an, with a 
certain relationship between the loads in the a,c. and d.c. networks, 
the simle armature-converter can operate under conditions of supply 
from both ends, consuming power equal to the no-load losses AP... 


In this case the total electrical power of the unit’s machine is 
equal to the total power consumed in both networks with the no-load 
losses of the single-armature converter included: 


The outputs of the first and second machines of the unit, in this 
case in accordance with relationship (4), can be found from formulae 
(18) and (19): 


kn, 

kn, +1 (19) 


The generator unit with a single-armature converter is not only 
suilable for simultaneously generating a,c. and d.c., but also for 
generating either a.c. or d.c. separately. The fomnulae for finding 
the power of the electromagnetic clutch, single-armature converter and 
restraint generator when generating only a.c. can be found from formulae 
(12) to (14) by substituting « = zero and Puig * Zero therein. 


If only cc. is being wenorated, the appropriate formulae are ob- 
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tained from (7) to (9) after substituting « = 1 and P,. a @ zerv, but 
this state of affairs has no practical significance. 


When only a.c. is being generated, the efficiency of the system is 
defined by formula (20), but when only generating direct current it is 
given by formula (21): 


1. 
P, Pac 

Pua t+ (21) 


Poa (20) 


Fig. 3 shows curves for the relative outputs 


as a function of the rotational speed of the primary motor ny at xs = 0.4 
Nay = 0.7 to 0.8, Yee * 0 to 0, 76, “hy 0.92, and 4800 
rev/min. 


The curves for relative machine outputs have been plotted from data 
calculated for a system intended for simultaneous supply of a 30 kVA 
a.c. network (f = 400 c/s cos @ = 0.75, and Pas = 22.5 kW) and a 15 kW 
d.c. network. 


The curve 1, gives the efficiency of the system at rated load, and 
the inclined straight line No the rotational speed of the restraint 
generator. It will be from Fig. 3 that the power of the restraint 
generator P, is increased hy practically a factor of 2.5 with an in- 
crease in rotational speed ny from 6500 to 1300 rev/min and n, from 
1700 to 8200 rev/min. Since the voltage of the d.c. network fs practi- 
cally constant, it follows that the curve P, simu] taneously defines 
the limits of variation of the current in the stator winding of the 
restraint generator. 


In order to reduce the theoretical dimensions and weight of the 
restraint generator intended for such operating conditions, it is 
necessary to change over the stator winding from the star system to the 
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delta system with an increase in rotational speed n to 3200 rev/min. 
This changeover can be made by a 2-position 3 phase contactor with auto- 
matic control. 


The 20-30 kVA alternators used in modern aircraft without an exciter 
for theoretical speeds of 6000 rev/min weight no more than 1 kg per 
1 kVA of rated output (¢.,,) = 1 ke/kVA). 


Bearing these data in mind, the total weight of a twin-machine unit 
for Py = 30 kVA and Paa = 50 kW can be calculated quite closely by the 
formula 


35.8 22 
€ 800 +5595 kg . 

The approximate weight of the single-armature converter with a maxi- 
mum output of 5.65 kW at % —* 8000 rev/min is about 9 kg, whereas the 
approximate weight of the germanium rectifiers can be taken as about 8 
kg at a maximum output of 22 kW. In this case the total weight of the 
system without regulators is 103 kg and its weight per 1 kVA of the 
total power of the a.c. and d.c. networks is 2.29 ke. 
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Fig. 3. Calculated characteristics of the system in 
a.c. and d.c. generation. 


Fig. 4 shows calculated curves for a system solely intended for an 
a.c. network with an output 30 kVA, f = 400 c/s at cos¢ = 0.75, 
a, = 6250 to 12500 rev/min », = 6000 rev/min and no = 250 to 6500 
rev/min. 
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To ensure the necessary restraint torque of the second machine in the 
unit at a, = 250 to 1700 rev/min, provision is made for disconnecting 
the Simele-arwature converter from the network and the shortcircuiting 
of the ale. armture winding. In this case all the output is delivered 
to the wc. network only by the first machine, and the relatively low 
output of the restraint generator is dissipated in the form of losses in 
tie atreature windings of the converter and restraint generator. 


In the range of speeds n= 1700 to 3300 rev/min the stator winding 
of the restraint generator is connected in star, but if na, +3300 rev/min 
it is comected in delta. 
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Fig. 4. Calculated characteristics of the system 
in the generation of a.c. alone 


In accordance with Fig. 4 the first machine of the wit must be 
designed for a total power in the a.c. network Py = 30 kVA at a, = 6000 
rev/ain, the second machine for a maximum power Py = 11.25 kW at 
Noy, = 3200 rev/min, The maximum power of the single-armature converter 
at n> 12500 rev/min is 0.39 P.. * 8.7 kW. The total weight of the 
twin-machine unit of 30 kVA at cos @ = 0.75 is 49.5 kg in accordance 
with the formula given above. 


The total weight of a single-armature converter of 8.7 kW at "ec = 
= 9000 rev/win aad the set of germanium rectifiers for a maximum output 
of 11,25 kW is about 18.5 ke. 
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The total weight of the system without including the weight of the 
regulators and contactors it the foregoing changes have to be made is 
about 68 ke and its weight per 1 kVA of rated ontput is 2.27 ke. 


The weight indices of the dynamo-electric system are approximately 
equal to the wt. indices of an aircraft generator plant of equal power 
consisting of an altertator and differential - hydraulic drive. But 
the efficiency of the proposed system is corsiderably greater. 


Distribution of reactive power between the 
first machine and the single-armature converter 


The foregoing equations 7-9 and 12-14 and the curves in Figs. 3 and 
4 define the relative active a.c. powers of the first machine and the 
Single-armature converter as well as the relative output of the 
restraint generator. The active power can be delivered into the net- 
work either from the first machine of the element or from the single- 
armature converter. The relationship between the reactive powers of 
the first machine and single-armature converter when an automatic 
voltage regulator VR is present (see Fig. 2) depends upon the degree of 
excitation of the converter. At rated converter excitation (cos @ = 1) 
active power only comes into the network from the first machine of the 
unit. If there is under-excitation, the single-armature converter is a 
consumer of reactive power, but if there is over-excitation it delivers 
active power into the network partially unloading the first machine. 


If a.c. is being generated it is advisable to change the excitation 
of the single-armature converter in such a way that it delivers a cer- 
tain reactive power into the network at low speeds of the primary motor 
when its active output is low. 


With an increase in active load on the single-ansature converter at 
high speeds of the primary motor the reactive power from the converter 
must gradually decline to zero owing to the weakening of its excitation. 
In this case the necessary reactive power will come in an ever increas- 
ing extent from the first machine of the unit, the active power of which 
decreases with increasing speed of the primary motor, as will be seen 
from Fig. 4. 


The excitation of the single-armature converter can be changed auto- 
matically as required by mixed excitation with counter connexion of its 
parallel] and series windings. 
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Test results 


In order to check the operating characteristics, dynamic properties 
and weight indices of the system, an experimental equipment was produced 
on the basis of the batch produced SGS-7.5 type aircraft alternators. 


The restraint generator was a SGS-7,5 alternator with 6 slip rings 
on the shaft so that the armature winding could be changed from star to 
delta and back by a 2-position contactor. In place of the single- 
armature converter use was made of an aircraft cascade converter of the 
PK-750 type which was reconstructed as a three phase converter with a 
line voltage of 120 V and a maximum output to 1000 VA at collector 
voltage of 28 Vv. The electrical power of the restraint generator was 
transmitted into the d.c. network and armature circuit of the converter 
via VG-50 type germanium rectifiers. 
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Fig. 5. Test curves of prototype system in a.c. 
and d.c. generation at 400 c/s and 120 V. 


The load of the unit did not excecd 30% of its theoretical output 
owing to the lack of a suitable cooling system. 


Fig. 5 shows the static characteristics of the experimental] generator 
plant for the case of simultaneous generation of a.c. and d.c. 


In order to investigate the dynamic properties of the aystem a 
prototype system was assembled consisting of the two machines described 
above, a 3-phase cascade converter, a 2-position contactor and two 
angle regulators. The electrical connexion of the machines and regu- 
lators differed from the system shown in Pig. 2 in that measuring 
devices and a three phase 2-position contactor were included to provide 
for changeover of the armature winding of the restraint generator. 
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The control winding of the frequency regulator was supplied from a 
tuned circuit via a magnetic amplifier, whilst the excitation winding 
of the first machine was supplied from a direct or constant source. 
Oscillograms of transient behaviour in the system are shown in Figs. 


6-9. 
vf 
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cost Fig. 6. Oscillograms of transient phenomena in system on dis- 
connecting an a.c. load: 
1 - line voltage of network 120 V, 400 c/s; 2 - phase current 
of first machine in the unit (initial value 2.8 A); 3 - phase 
current of cascade converter (initial value 2.8 A); 4 - vol- 
tage of d.c. network (initial value 24 V); rotational speed of 
primary motor (n, = 5300 rev/min); 6 - zero line; 7 -d.c. 
given off by converter; 8 -— time indication (50 c/s). 


Fig. 7. Oscillograms of transient phenomena in 
system on connecting an a.c. load: 
(Legend as in Fig.6) 


The switching of the restraint generator’s armature winding is 
accompanied by an instantaneous change in the collector vol tage and 
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converter currents, but this has no practical effect on the frequency 
and the magnitude of the a.c. network voltage. Unlike Figs. 6 and 7, 
the second sine curve from the top in Figs. 8 and 9 shows the load 

current of the network, whilst the frequency of the time indicator is 


500 c/s. 


Cenc lusions 


1. The proposed system of simultaneously generating d.c. and stable 
frequency a.c. widely different running speeds of the primary motor can 
be used for generating both types of current as well] as for generating 
a.c. alone. 


2. The proposed system is more efficient and lighter in weight per 
unit of output than other similar systems. 


4 


‘ 
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Fig. 8. Oscillograms of transient phenomena in system when changing 
the armature winding of restraint generator from star to delta. 
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Pig. 9. Oscillograms of transient phenomena in system when changing 
the armature winding from delta to star. 
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3. Tests results of a prototype system are in full agreement with 
theoretical data and testify to the good stability obtained during 
transient conditions. 


4. The proposed system can be used in all cases when it is necessary 
to generate stable frequency a.c. at different speeds of the primary 
motor. 


Translated by O.M. Blunn 
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A HIGH-SPEED ELECTRO-DYNAMIC CIRCUIT BREAKER* 
yu. G. KOMAROV 
(Leningrad) 


(Received 31 December 1960) 


The electrical industry now has to face the problem of producing 
high speed switchgear capable of limiting short-circuit currents of YEA 
over 100 kA in large low-voltage networks with a build-up rate of 196 
several tens of millions of amperes per second. The necessary switch- 
gear must be designed for rated currents up to 10 kA and higher, and 
should be as smal] and quick-acting as possible. In this paper a des- 
cription is given of experimental circuit breakers which have been 
developed on the basis of previous patents [1,2]. 


A simple type of breaker is illustrated in Fig. 1. The two short 
traverses { and 2? form a narrow loop in the main circuit. Contacts 3 
are disposed on the ends of the traverse. Traverse ? is fixed, but 
traverse 1 is secured by a current-conducting hinge 4. The main spring 
5 creates the necessary pressure on contact 3 and 4, The breaker is 
supplied with current at points 6 and 7, 


The flow of current along the traverses gives rise to electro- 
dynamic forces which tend to open the contacts 3. It is possible to 
select the dimensions of the loop, the shape of the traverse and the 
amount of pressure on the contacts in such a way that no dangerous 
weakening of the pressure on the contacts occurs under normal conditions. 
But at a definite short-circuit current the electrodynamic forces in- 
crease so much that they overcome the resistance of spring 5 and open 
contacts 3. Traverse { is then rotated on axle 4 and is fixed ina 
disconnected position by the stop 8. 


* Elektrichestvo, 6, 53-55, 1961. 
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Experimental breakers for rated currents of 500 and 3,000 A have been 
produced on the basis of the methods shown in Fig. 1. The 3,000A 
breaker has been provided with arc quenching contacts. 


To determine the current limiting capacity of these breakers tests 
have been carried out on voltages of 10 to 300 V, short circuit currents 
of 13 to 100 kA and build-up current rates of (0.65 to 10) x 108 A/sec. 
Fig. 2 illustrates one of the results of the tests on the breakers with 
arc quenching contacts. It will be seen from the curves in this diagram 
that the breaker limited the short-circuit current to 38 kA at a steady 
state value of the circuit current of 100 kA. By way of comparison the 
dotted line in Fig. 2 shows the short-circuit current interrupted in the 
same circuit by a “universal” circuit breaker. 


Tests with identical circuit parameters have shown that the proposed 
type of breaker is highly stable as regards the limitation of short- 
circuit currents. The average fundamental opening time of the breaker 
did not exceed 2 x 1073 sec. Curves for the movement of the breaker’s 
traverses were also determined during the tests. One such curve h=f/(t) 
is shown in Fig. 3. The fundamental opening time ty is plotted along 
the base and the arc quenching time t. is also plotted there. This 
makes it possible to determine the motion of the traverse at different 
stages. 


J 2 
Fig. 1. 


However, despite the advantages of this simple system, they have a 
number of short-comings. The contacts may stick if the short-circuit 
currents are small, with natural cooling the load does not exceed 5000 A 
and the system is sensitive to vibration. 


To eliminate these shortcomings a new type of breaker was developed 
using the system illustrated in Fig. 4. The traverses i and ? of this 
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breaker were water-cooled. Sectional main contacts 3 and arc quenching 
contacts 4 were fixed at the end of the traverse. Traverse 1 was 
balanced about axle 5 of the current conducting hinge. The main springs 
6 provided the necessary pressure on contacts 3? and 5, The current is 
supplied to conductors 7. The breaker has an auxiliary disconnecting 
mechanism consisting of a free release device which is secured on 
shafts 8 and 9, an electromagnetic release arrangement 10, feedback 11 
and a vibration plate 12. The axle 13 which is secured to traverse 1, 
passes through a slot in the plate 12. 


sec, 


The device operates (closes) when the interrupting roller 14 rotates 
16°. The roller can be rotated from the release arrangement 10, and 
through feedback 11 when moved by the electrodynamic forces of traverse 
1. The main springs 6 are secured at one end to traverse 1, and at the 
other to lever 15 which is secured on shaft 9. This was arranged in 
order to use the energy of the spring to accelerate the operation 
(closing) of the auxiliary device. Return springs are attached to 
lever 15. These springs accelerate the rotation of shaft 9 when the 
auxiliary device operates (closes). 


At small short-circuit currents which only cause small divergences 
of the traverse, the auxiliary device operates via feedback {1 or the 
release arrangement 10, and opens the contacts of the breaker and 
Sticking is thereby prevented. 


The breaker is only tripped by the release arrangement at currents 
which are close to the setting of the release arrangement 10. 


At the first instant when the traverse begins to move the auxiliary 
device continues to remain in the “on” position and shaft 9 and plate 12 
are fixed. When the main contacts have parted 2 to 3 mm the operation 
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of the auxiliary device takes place via feedback 11. In this case the 
release 10 also operates and affects roller 14. The effect of springs 
6 and 16 is then to rotate 9 in a clockwise direction, plate 12 is 
Shifted upwards, the movement of the traverse is accelerated and this 
fixed in the “off” position so that current limitation is effective and 
reclosure of the contacts is prevented. 


|| 


| 
| 
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Pig. 4 


Remote disconnection of the breaker is possible via the interrupving 
release arrangement which acts on roller i4; remote connection can be 
carried out by a pneumatic drive, for instance, acting on shaft 8. A 
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prototype breaker of 5000 A and 320 V has been made and tested on the 
system illustrated in Fig. 4. The setting of the release arrangement 
was 10,000 A. The dynamic setting which can be defined by the begin- 
ning of movement by the traverse, corresponds to 20 to 25 kA. Natural, 
or water cooling can be used depending upon the rated current of the 
circuit breaker. The moving parts of the breaker can be unbalanced in 
individual cases in use. 


Fig. 5 shows an oscillogram of the breaking current with this kind of 
breaker in a circuit with a steady state value of the short-circuit 
equal to 133.2kA, at a build-up current rate of 10.6 x 10° A/set and a 
voltage of 310 V. It will be seen from the oscillogram, that the 
breaker limited a current up to 53 kA. No sticking of the contacts 
occurred at current values close to the dynamic setting or because of 
the vibration at currents of 5 to 10 kA. Under current limiting con- 
ditions the fundamental opening time did not exceed 1m sec. The operat- 
ing (closing) time of the breaker at over load currents was between 12 
and 18 m sec depending on the value of the current to be tripped. At a 
load of 10 kA and a pressure on the main contacts of 30 kg the over- 
heating of the main contacts of the test breaker do not exceed 53° C. 
Only about 150 litres of water were consumed for cooling at 5 kA for one 
hour. The breaker weighs 45 kg and its dimensions are 262 x 515 x 765 mm. 
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The conclusion can be drawn from the tests that these experimental 
breakers can be used to develop actual production models. 


Translated by O.M. Blunn 
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A METHOD OF DETERMINING THE LEAKAGE 
INDUCTANCE OF STATOR WINDINGS 
IN LARGE A.C. MACHINES WITHOUT 
THE ROTOR “OUT’’* 


R.R. PARTS 
(Tallin) 


(Received 18 June 1960) 


The method of taking out the rotor is recommended by many authors 
for determining the inductive reactance of the stator windings L1, 2,3]. 
The essence of this method is as follows. 


A voltage of 3-phase current is supplied from an extraneous source 
at rated frequency to the stator. Having measured the phase voltages 
U. and current 7, it is possible to obtain with a known phase resistance 
of the stator winding the inductive reactance 


where *) is the inductive reactance of the stator winding, and ®sch the 
inductive reactance due to the magnetic flux within the stator air gap 
(Schenkel’s correction). 


This method was first put forward by M. Schenkel [1]. The term Sch 
is therefore known oy some authors as Schenkel’s correction. In order 
to avoid measuring the magnetic flux inside the stator gap on every 
occasion, on the assumption that the inductive reactance * sch is due to 
the main magnetic flux, the following formula has been recommended by 


various authors [1, 2, 3]. 


* Elektrichestvo, 6, 88-90, 1961. 
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ke 
(2) 


Ajl, 


where f is the mains frequency, ty the length of the stator, *) the 
number of turns in the stator winding phase, k,, the winding coeffi- 
cient for the main harmonic, p the number of pole pairs and A a coeffi- 
cient equa] to 13.75 in Schenkel’s article [1] and 15.1 in the article 
by Piotrovskii and Efremov [2]. 


Assuming that only the main magnetic field is present, as does 
Richter [4], the coefficient A = 15.079. The different values of the 
coefficient A are explainable by the accuracy of the calculations. The 
coefficient A = 13.75 was obtained by Schenkel as a result of arti- 
ficially determining the mean amplitude of the first harmonic of the 


m.m, f. 


Even though the removing of the rotor is a simple method, it has 
still not been recognized as a suitable method for determining the 
inductive reactance of the stator winding, since under rated conditions 
in the synchronous or asynchronous state the inductive reactance x 1 is 
clearly different from that determined by tests (by the method of rotor 
withdrawn) where the value (x, + *sch) — *sch* 


In order to find the reasons for this discrepancy, the author has 
tested an A52-4 220/380 V induction motor (iable 1). 


TABLE 1 


*Sch’ Q (*)#% goh)~* 22 1,42 


2. 234 0.874 1. 36 1.68 


Schenkel’s correction * Sch (second column of Table 1) was calculated 
ty formula (2) for A = 15.79. The indyctive reactance of the stator 
winding (sy + *gch) ~ *Sch (third column of Table 1) was obtained with 
the rotor “out” . The inductive reactance of the stator winding «x 
(fourth column of Table 1) was determined by the new method developed in 
the U.S.S.R. at the VNIIEM. If use is made of this method for calculat- 
ing the operating characteristics of the motor, it can be seen that it 
corresponds to reality unlike the results obtained by Schenkel’s method 


with the rot out. 
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This circumstance is evidence of the fact that the distribution of 
the magnetic induction on the pole pitch is markedly different from a 
fundamental sinusoid with the rotor out. 


When taking the curve for the distribution of the radial component 
of magnetic induction by oscillographing the e.m.f. in a rotating 
measuring coil with a diametral pitch at an instant when the current has 
its amplitudinal value in one phase, it was thereby confirmed that 
higher 3-dimensional harmonics were present [1] on the pole pitch with 
the rotor out. 


When taking the curve for the distribution of the radial component 
of the magetic induction in one section (Fig. 2) of the four-pole 
stator in an A 52-4 type motor by oscillographing, it was established 
that the magnetic induction varies practically along the inclined 
straight line above the slit in the semi-closed slot. Therefore, in 
the case of an induction motor it is advisable to proceed from the m.m. f: 
of the linear sectional sides of the sections on the surface of the 
stator instead of from points [5]. 


wi, 


wy, hy 


Pig. 1. 


For a single phase winding with a linear sectional side, the m.m.f. 
on the pole pitch f, is characterized by the expression 


(3) 
x sin cosy 


where Ty is the current in the turn, *; the number of turns in the 
section, q the number of slots per pole and phase, » the order of the 
three dimensional harmonic, 6 the width of a linear sectional side, +r 
the pole pitch, x the transient coordinate along the base with an origin 
in the middle of the pole, w the angular frequency of the network, and 

t the time. 
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In its more general form the curve for the radial component of 
magnetic induction on the pole pitch is characterized by the expression 


B=[ B, cos x-+ By cos3= x4...+ 
+ B,, cos v= x| cos of, 


whilst the magnetic flux through the pole pitch equals: 
cos wf, (5) 


where 


® =(—1)? 


by 


YEAR is the higher three dimensional harmonic of magnetic flux, and 
196] w,ko,, is the flux coupling. 


For a single phase winding the effective value of the e.m.f. will be 


where 
Dividing expression (6) by the magnetization current, 


+ 


where —_ is the fundamental inductive reactance of the single phase 
winding and Tho the inductive reactance of single phase winding due to 


the higher three dimensional harmonics. 


In accordance with form’ (") the expression for the inductive 
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reactance x, can be written in the form 


B,, 


owl 


For a symmetrical multi-pnase winding the inductive reactance 7 due 
to the higher three dimensional harmonics equals 


where i is the inductive reactance of the multi-phase winding due to 
the main magnetic field. 


It will be seen from expressions (8) and (9) that to determine the 
inductive reactance of the higher three dimensional harmonics with 
known winding coefficients, it is sufficient to know the ratio of the 
amplitude of the magnetic induction of the higher three dimensional 
harmonic to the amplitude of magnetic induction of the fundamental 
harmonic, and to know the sign of the ratio in question. 


Pig. 2. 
It can be seen that this is true for a symmetrical 3-phase winding 
with a whole number of slots per pole and phase when the curve for the 


magnetic induction on the pole pitch is a replica of the m.m.f. curve 
(6, page 1 24]. Expression (9) then takes the form 


where 7. ll, 13, 


It should be pointed out that *, can be calculated by formula (10) by 
means of curves showing the relationship between the sum of the resis- 
tances and the number of slots per pole and phase [4 et al.) 


Using expression (3), the amplitude of the harmonic m.m.f. of a 
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multiphase winding per pair of poles eqals 
v—l 


x 
2 
n 6 
sinv=-"> 
F, _ 2 (—1) 


With the rotor out the expression for the tangential component of 
the magnetic field intensity of the higher 3-dimensional harmonic can 


be represented in the form: 
B,, x) 
1961 
whilst the mm.f. of the higher 3-dimensional harmonic between the 
middles of two adjacent poles will be: 
vps 
2 By 
(14) 


‘pores 
where R, is the radius of the internal surface of the stator stamping, 


1 
'q the magnetic permeability of the air and A, g are transient cylin- 


drical coordinates. 


Hence it follows: 
t, B,, 
(15) 
From (12) and (15): 
b 
By, 2 > 
By (— 1) (16) 
2 


and consequently, with the rotor out the inductive reactance due to the 
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high 3-dimensional harmonics equals 


It should be pointed out that some authors consider that the reac- 
tance *) found in this way is “static”. The inductive reactance due to 
the main magnetic field equals 


b 
° (18) 


where kp is a coefficient of saturation practically equa] to unity. 
1 


Since the inductive reactance due to the higher 3-dimensional har- 
monics varies greatly as a fynction of the design of the rotor, it is 
therefore of interest to establish how accurately the withdrawn rotor 
method permits the determination of the inductive reactance of the 
stator which is in effect the sum of the inductive reactance of the 
slot and face *)¢ parts. 


Prom test results on an A 52-4 type motor 


== 2.234 — (0.874 +-0.153) 1.207 Q, 


where s, and «, have been found from expressions (17) and (18). Accord- 
ing to the proposed Russian method +), +), = 1.205 2. Thus the test 
results are almost the same as the calculations in this case. 


Cenc lus ions 


The leakage of the stator with the rotor out is not the same as the 
leakage in normal operation under synchronous or asynchronous conditions. 
This occurs particularly in induction machines where the differential 
leakage depends on the type of rotor circuit, saturation, the air gap, 
the bevel of the rotor slots and so on. 


The numerical value of the inductive reactance for stator leakage 
with the rotor in will only be the same as its value with the rotor out 
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particular cases. 


Translated by OM. 
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ELEKTRICHESTVO No.6, 1961 


Leading article 
A new era in the history of humanity. V.V. Dobronravovy, 
(pp. 1-4). 
A tribute is paid to all persons associated with Gagarin’s flight in 
space. The significance of the achievement is then considered in 
general terms. YE/ 


196 


Amplifiers 
Operation of a full-wave d.c. magnetic amplifier. 
R.A, Lipman et al., (pp. 74-78). 
A new type of push-pull d.c. magnetic amplifier is described which 
it is claimed has a highly efficient performance. 


A magneto-transistor power amplifier with a differentially 
connected load. M.&. Poiurovskii, (pp. 56-58). 

A short description is given of a push-pull magneto-transistor power 
amplifier in which the transistors act as switches. Pulse-width 
modulation of the output signal is effected by a transformer with a 
core having a rectangular hysteresis loop. 


Control engineering 
Using critical generator self-excitation in closed motor- 
generator sets. V.I. Kliuchev, (pp. 26-32). 
The author considers the use of negative voltage feedback from the 
generator in the state of critical self-excitation in order to im- 
prove the dynamic behaviour of amplifier-controlled motor-generator 
sets and make them more compact. 
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Dynamic self-regulation of multi-motor drives in paper- 
making plant. G.M. Levin, (pp. 49-53). 

A graphical-analytical method is proposed for determining those 
dynamic properties of motor drives which will keep the tension of 
the paper within specified limits in paper-making plant. 


Ignitrons 
An electromagnetic ignition system for ignitrons. 
Yu.A, Shmain et al., (pp. 61-65). 
An account is given of the research into the ignition systems of 
ignitrons at the All-Union Power Research Institute. A method has 
been developed for analysing the operation of electromagnetic pulse 
generators with a variable load impedance. 


YEAR Power systems 

1961 A statistical appraisal of urban network operation. 
B.V. Gnedenko, et al., (pp. 71-74). 
The authors confine themselves to the implications of using proba- 
bility methods to assess the operating conditions of low voltage 
mains. 


Increasing the steady state stability limit by regulating 
the d.c. transmission. V.G. Novitskii, (pp. 58-61). 


The limit of static stability in the transmission of a.c. can be 
increased by automatically varying the static characteristics of 
the rectifiers. Here the transmission of d.c. is regulated in 
accordance with the parameters of the a.c. system. 


Deformation of the waves in a multi-conductor line due to 
the earth and conductor resistance. M.V. Kostenko, (pp. 5-10). 


A practical method is proposed for calculating the distortion of the 
wave in multi-wire overhead transmission lines. An approximate 
solution is obtained in terms of tabulated time functions which take 
into account balancing currents and earth losses. An accuracy to 
within 1% is claimed over se 10 km stretch of line. 


Estimating the effect of meteorological conditions on the 
electrical strength of external insulation. N.N. Beliakov 
et al., (pp. 20-26). 

Two correcting coefficients are produced which it is claimed 
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characterize the electrical strength of all types of external in 
sulation. From tests it has been established that these coeffi- 
cients define meterological conditions and altitude with different 
probabilities. These relationships can be used in the design of the 
external insulation of distribution gear and high voltage trans- 
mission lines. 


Rotating machines 


A method of studying steady state fault currents in a 
self-excited alternator. D.V. Vilesov et al., (pp. 45-49). 


A new method is proposed for calculating the steady state short 
circuit current in an independent alternator system. The results 
are used to determine the transfer and super-transfer components of 
the short circuit current more accurately. 


The voltage of a self-excited alternator with a suddenly 
applied load. M.I. Aliab’ev, (pp. 79-82). 196 


An analysis is made of the equations of an idealized self-excited 
alternator with an automatic voltage control system. 


Traction 
Special operating conditions of power systems supplying 
a.c. electric locomotives. N.A. Mel’ nikov et al., (pp. 10-15). 
A statistical method is proposed for estimating the operating con- 


ditions of electrical equipment used on very long stretches of rail- 
way line to supply a.c. electric locomotives. 


The effect of external voltage surges on [160 type electric 
locomotives. M.N. Novikov, (pp. 15-20). 


An account is given of the research carried out at the Institute of 
Railway Engineers in Leningrad to establish the effect of external 
voltage surges on the insulation of gear used in the large H60 loco- 
motive’s low voltage transformer circuit. 


Transformers 


Some special characteristics of transformer insulation. 
G. Slovikovski, Warsaw, (pp. 82-87). 


A study is made of the factors affecting a certain ratio r "1 
which is used to define the electrical characteristics of + at! 
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insulation. Here 60 is the resistance 6v sec after connecting the 
transformer and r 5 that after 15 sec. The use of this criterion is 
considered for service tests and final factory tests. 


An approximate method of calculating overvoltages across 
the secondary windings of current transformers. 
Ya.S. Gel’fand, (pp. 66-71). 


The proposed method is based on the approximation of the actual 
e.m.f. curve for the open secondary winding of the current trans- 
former without losses by triangular pulses of alternate polarity with 
a large mark space ratio. The resulting curve is expanded into a 
Fourier series and the effect of losses and the load on the amplitudc 
and phase of the individual harmonic components is then taken into 
account. Subsequent summation gives the required voltage amplitude 
across the secondary winding. 


ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No.7, 1961 


Leading article 
To new achievements in the development of Soviet science. 
(pp. 1-6). 
An account is given of a recent conference which was held in the 
Kremlin to discuss the future development of Soviet science. 
Development work, applied research and fundamental research was YEA 
discussed. 196 


Capaci tors 


Determining the initial conditions fer sudden changes in 
voltages and currents. 1.A, Zaitsev et al., (pp. 52-55). 


A contribution is made to the determination of initial conditions 
when sudden changes occur in the currents in inductances or voltages 
across capacitors. Simple schemes are obtained by analysing commu- 
tation behaviour wiich make it possible to determine the initial 
conditions for sudden changes in voltages and currents quickly. 


Determining the reactive power in capacitors, N.I, Nazarov 
et al. (pp.55-59). 


It is considered that the specific dissipating surface of a capacitor 
varies with the shape of the housing and its dimensions. For a given 
volume, the dissipating surface is maximum for a rectangular paralle- 
lepiped with the minimum permissible width of base. The reactive 
power of the capacitor unit depends on the design of the capacitor 
as well as the physical characteristics of the material. 
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Control engineer ing 


Joint selection of the motor criteria and the gear ratio. 
D. A. Popov, (pp. 63-67). 


A study is made of the problems connected with choosing the optimum 
gear ratio for an electric drive under starting conditions when the 
torque of the motor and the moment of mechanical resistance of the 
drive device are constant. The study is made from the point of 
view of minimizing weight. 


Use of the plase plane method for studying transient mechani- 
cal behaviour in electric drives. L.I. Gandzha, (pp. 68-72). 


Phase diagrams of transient behaviour are constructed from an 
analysis of the equation of motion of the drive for the various 
possible types of load. 


The use of saturable reactors to prevent variation in the 
torque of induction motors due to transient currents. 
M.M. Sokolov, (pp. 72-75). 


An account is given of tests on electric drives with induction 
motors and saturable reactors which show that a smooth increase in 
motor torque and speed can be obtained on starting and reversing. 
The connexion of saturable reactors in the stator circuit only in- 
creases acceleration time slightly. Acceleration time depends on 
the magnetization current of the reactor. 


A frequency-controlled drive for «a horizontal planing machine. 
D.A. Zavalishin et al., (pp. 75-79). 


It is argued that the best frequency-controlled asynchronous drive 
system for horizontal planing machines is one with a compensated 
collector generator excited on the stator side. A detailed account 
is given of a prototype system. 


Elimination of zones of insensitivity in ferromagnetic pickups 
and amplifiers. B.K. Karpenko, (pp. 84-86). 

A cheap and effective way of eliminating dead bands in pick-ups and 
amplifiers with ferromagnetic cores is proposed by the use of an 
additional magnetic circuit. 
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Magnetism 


The permeance of magnetic circuits with teeth, Yu.S, Rusin, 
(pp. 59-63). 


Owing to the considerable leakage flux in magnetic circuits with 
teeth, the author proposes an approximate estimate of permeance 
which is based on a particular idealization of the field of the 
system. The space surrounding the pole ends is divided into separate 
regions and, depending on the shape of the poles, the field between 
the faces is studied separately from that between the ribs. The 
type of magnetic circuit in question is illustrated in a diagram. 


Power sys tems 


Long-distance power transmission with d.c. mague tized reactor- 
transformers and forced capacitor banks. D.I. Azar'ev, (pp. 24-30). 


The cost of transmission can be reduced ty canbining a transformer 
with an automatically-controlled high-voltage reactor in a high-speed 
unit which is capable of reducing overvoltages and increasing carry- 
ing capacity. The magnetic system of the reactor is split into 
parallel branches which are magnetized by d.c. in such a way that 
the fluxes in the branches are in opposite directions. 


Automatic equipment for power system continuity. 
1.A. Syromiatnikov, 18-24). 


The author considers the main automatic Soviet equipment available 
for improving the reltability of power system operation, namely, 
excitation regulators, frequency unloading devices, reserve supply 
auxiliaries, automatic reclosure, starting devices which react to 
the rate of change in voltage and a hydraulic differentiator for 
turbine steam. 


Zero sequence equivalent networks for transmission lines with 
different voltages. N.G. Geinin, (pp. 79-81). 


It is shown how to compile a zero sequence equivalent network which 
includes the mutual inductance between two or several transmission 
lines when each of the nearby lines is of a different voltage. 


Rotating machines 


The effect of excitation systems on the compo My of large 
interconnected turbo-generators. V.M. Bobrov a!., (pp. 7-19), 


A study is made of the stability of large turbo-generators with 
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different systems of excitation. The use of electrodynamic mode] - 
ling has made it possible to use natural excitation regulators, find 
their optimum adjustment and study electromechanical phenomena during 
transient behaviour. 


Artificial damping in large syachronous machines. 1.D. Urusov 
et al., (pp. 13-18). 

Instead of increasing the flywhee] mass, it is proposed to use a 
system of artificial damping to reduce the oscillation of synchro- 
nous machines with a pulsating load. Artificial damping is based on 
the creation of an additional electromagnetic rotational torque on 
the shaft by introducing additional periodic currents in the rotor 
circuits. The theory of the method is given along with test results. 


Analysis of dynamic stability with the effect of damper 
windings, speed governors and excitation included, Bogatev, 
(pp. 31-34). 

A refinement to the method of successive intervals is proposed which 
makes it possible to include the effect of damper windings, speed 
governors and excitation when an analytical estimate of dynamic 
stability is required for synchronous a] ternators. 


Experimental determination of the m.m.f. of the armature com- 
mutution reaction in d.c. machines. V.A. Lifanov, (pp. 81-84). 
A method is proposed which dispenses with calculated data in the 
determination of the mmf. of the armature commutation reaction by 
a Hall e.m.f. transducer. 


Traction 


Reduction of wheel-spin on electric locomotives. 8.P. Petrov, 
(pp. 35-41). 


A study is made of the factors affecting high adhesion factors for 
electric locomotives. Recommendations are made for automatically 
stopping wheel spin. 


Trans formers 
Problems of voltage regulation in auto-transformers. A.G. Kraiz, 
(pp. 41-48). 
A method is described for comparing different systems of voltage 
regulation for large auto-transformers using the typical power of 


auto-transformers. A refined method of analysis is proposed for the 
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system of regulation in the neutral of the auto-transformer. It 
can be used to specify the limits of regulation with over- or under- 
excitation. A short description is given of a new 220 kV auto- 
transformer with built-in apparatus for regulating the voltage. 


Voltage stabilizers 


Ferroresonant voltage stabilizers using magnetic material 
with a rectangular characteristic. D.I. Bogdanov, (pp.48-51). 


A theoretical study is made of the phenomena associated with the 
operation under load of ferroresonant voltage stabilizers in which 
the saturable core is made of cold-rolled steel or magnetic alloy 
with a high coefficient of rectangularity. 


YEA 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 8, 1961 


Computers 


Electronic simulation of electrical circuits, V.G. Vasil’ ev 
et al., (pp.41-45). 

Certain aspects of the simulation of f, L and C circuits are con- 
Sidered on the basis of a simple example. The rules of the “dual 
circuit” method of analysis are formulated. An electrical circuit 
with one voltage source is simulated without forming equations for 
the circuit or the model. A minimum of amplifiers and integrating 
elements is required. 


Regulation of the excitation of two synchronous machines 
operating in parallel, G.V. Mikhnevich et al., (pp.31-35). 


An analogue computer method is proposed for determining the optimum 
structure of the control signals with respect to their derivatives 
and assessing their effect on a coefficient of regulation for the 
excitation of two synchronous mchines operating in parallel. The 
results for generators at the Stalingrad hydro-electric station are 
given ty way of illustration. 


Control engineer ing 


The motor drive of a reversible cold rolling mill, I.M. Tolmach 

et al., (pp. 79-81). 

An account is given of the motor drive which has been installed on a 
four-roll mill for low and medium carbon stee] strip up to 300 m 
wide with reduction from 3 to 0,2 mm in up to nine passes. The drive 
features the use of e.m.f. and current regulators to maintain rolling 


tension. 


Measuring amplifiers for centralized automatic control systeas, 
R.R. Kharchenko et al., (pp.7-13). 


Attention is concentrated on those d.c. measuring amplifiers which 
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are used to convert the signals of pick-ups in group data-processing 
circuits. The authors review six types of system covering the 
combined transmission of the amplified signal without a device for 
correcting zero drift, and wideband amplifiers with a device for 
correcting zero drift. 


Electrical steel 


The properties of 1 mm cold rolled electrical steel, 
A.I. Beliakov et al., (pp. 82-83). 


A short account is given of the properties of the 1 mm gauge cold- 
rolled grain-oriented steel for the poles of d.c. electrical 
machines now being produced in Novosibirsk. 


Insulation 


Interdependence of the physical properties of organic and 
inorganic polymers, N.I. Vorob’ev et al., (PP. 76-78). 


To simplify the problem of investigating the large number of 
polymers which are available, the author takes the magnitude of the 
inter-molecular forces as the main criterion defining the physical 
properties of many polymer substances. 


The dielectric permeability and tangent of the loss angle for 
paper dielectrics, S.K. Medvedev, (pp. 66-72). 


Formulae are produced for calculating ¢€, tan § and other charac- 
teristics of paper on the basis of the actual structure of the paper 
on the assumption that the relative thickness of the cellulose in 
the space between the layers varies between 0 and 1 according to a 
certain law. The pores are assumed to be in series in each indivi- 
dual volume of cellulose. 


Power systems 


Determining optimum operating conditions for power systems, 
V.M. Gornshtein, (pp. 19-24). 


A study is made of common errors which are said to be made in the 
economic analysis of power system analysis. 


Tuned power transmission systems, V.K. Shcherbakov, (pp. 25-30). 


It is stated that theory and laboratory investigations indicate 
that half-wave tuned transmission lines of 2000 and 2500 km can 
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ensure high steady state stability and relative voltage stability 
at line ends. The author disputes the reasons which have been civen 
for not using this system and advocates its use on the grounds of 
efficiency and the possibility of intermediate off-take of power 
along the line. 


Rotating Machines 


Turbo-generators of large unit capacity, V.V. Titov, (pp. 1-4). 


A short account is given of the work which has been done at the 
Electrosila works in the U.S.S.R. on the development of 300 and 

500 MW turbo-generators. The new 300 MW generators are described 
and it is stated that 500 MW generators can be made on the same 
principles when the demand arises. Extremely high efficiency is 
claimed and it is an interesting paper. Unfortunately, this account 
does not explain how the efficiency is achieved or how it is calcu- 
lated and some of the main features have their counterpart in recent 
American, Swiss and British innovations. 


The problems of developing new small and F.f1.P. motors, 
N.P, Ermolin, (pp. 4-7). 


This paper classifies the problems involved in the development «! 
small and f.h.p. motors into those which are common to all types of 
such motor and those which are special for particular applications. 
The main purpose of the article is to draw attention to the need 
for keeping State Standards up to date and co-ordinating research, 


New 100 kW amplidynes, B.F. Tokarev et al., (pp. 14-18). 


Two new types of amplidyne are to be produced in the U.S.S.R., 
namely, three-stage amplidynes with a longitudinal field, and multi- 
pole amplidynes with a transverse field (four and eight poles) with 
increased magnetization of the winding along the transverse axis or 
with additional poles along the longitudinal and transverse axes. 
The equipment is compared and the respective merits assessed. 


A new principle of obtaining constant advance times in 
automatic synchronizers, N.N. Vostroknutov et al., (pp.35-40). 


In this article the synchronizers are defined as devices which 
select the angle of lead and stop action if the amount of slip is 
too large. A new approach to the design of the time advance ele- 
ments of such synchronizers is proposed in which the angle of lead 
is directly converted into a proportional d.c. voltage. This 
provides the possibility of twice-differentiating this voltage, as 
required for considering acceleration of slip. A detailed account 
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is given of a device for the exact synchronization of generators. 


A two-motor machine-valve stage with semiconductor rectifiers, 
M.G. Chilikin et al., (pp. 50-56). 


An appraisal is made of the advantages of replacing one large slip 
ring motor by two smaller motors of the same total power in high 
speed drives of 1000 to 10,000 kW and 5000-7000 rev/min. In the 
proposed system the slip energy is converted by semiconductor diodes 
and it then passes into the network. 


Caleulation of the steady state errors in speed governors for 
d.c. motors, S.S. Roizen, (pp. 56-62). 


Two fundamental methods of speed contro] for d.c. motors are con- 
sidered with a view to determining the accuracy with which speed 
governors operate in the automatically controlled drives of rolling 
mills and lathes etc. Formulae are produced for calculating the 
degree of error under steady state conditions. 


A study of the e.m.f. induced in electrical machines using 
an electrolytic tank, K.S. Demirchian «1 al., (pp. 62-66). 


In the proposed method the model of the rotor is fixed on a plate 
which slides along the bottom of the tank. A layer of vaseline is 
placed between the bottom of the tank and the plate to keep out the 
electrolyte and reduce friction, The model of the stator is secured 
to a fixed plate. In order to determine the potential differences 
accurately, the linear displacement of the rotor is measured and not 
the angle of rotation. 


Switchgear 
The measurement of large transient currents, V.D. Liashenko, 
(pp. 46-50). 


In short-circuit tests on switchgear {tt has been possible to com- 
bine the advantages of shunts and current transtormers in the 
measurement of the large transient currents which arise. The 
Switchgear Laboratory of the All-Union Electrical Engineering Insti- 
tute has developed a successful method of measurement with air-cored 
current transformers using a toroidal core with a high-impedance 
winding, a d.c. amplifier with an integrating capacitance at the 
input and an electromagnetic oscillograph vibrator. 


The leader stage of a spark discharge, V.P. Larionov, (pp. 72-76). 
The author develops the notion of a leader stage in spark discharges 


Abstracts 


in long air gaps which precedes the main discharge and forms a 
leader channel between the electrodes. The mean longitudinal 
potential channel between the electrodes. The mean longitudinal 
potential gradients in the leader channel are determined along with 
the conductance of the leader channel, the concentration of the 
electrons and the time necessary for the formation of the leader 


channel. 


Translated by 0. Blunn 
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AUTOMATIC EQUIPMENT FOR IMPROVING 
POWER SYSTEM CONTINUITY* 


I.A. SYROMIATNIKOV 
Moscow 


(Received & July 1960) 


YEAR It is a matter of government policy to proceed with the automation and 
1961 mechanization of production and in this connexion special attention is 
' being paid to low-cost methods of power supply, without the use of 
circuit breakers on the high-voltage side and the use of short-circuiters 
and disconnectors. Such methods can only be adopted on the basis of 
automat ion. 


Widespread use is now made in the U.S.S.R. of such equipment as 
high-speed protection, automatic excitation regulation of synchronous 
machines and relay-forcing of excitation, automatic reclosure of iines, 
bus-bars and transformers, automatic connexion of the standby supply, 
automatic frequency control, automatic self-synchronization and auto- 
matic starting of the hydro-electric units, dispatcher control, and so 
on. The use of this equipment has considerably improved the continuity 
of the power supply and made it possible to ensure the static and 
dynamic stability of the power system. 


In this paper it is proposed to review the main automatic equipment 
which is available in the U.S.S.R. for improving the reliability of 
power system operation. 


Automatic control of excitetion. The automatic excitation regulators 
of synchronous machines are one of the most important means of improving 
power system reliability. Operating experience and tests which have 
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been carried out in the U.S.S.R. have shown that the main requirement 
of automatic excitation regulators is to force the excitation vol tage 
up to its maximum value. 


A system of compounding with an electromagnetic corrector is now exten- 
sively used for automatic excitation of regulation. It is supplemented ly 
relay forcing of excitation which ensures maximum excitation if the vol- 
tage drops by more than 15 per cent. A new phase compounding system has 


been developed in which the current in the excitation winding of the exciter 


depends on the phase of the stator current aswell as its magnitude. This 
includes the control of voltage under normal conditions and reduces the 
power of the corrector. 


In order to improve static and dynamic stability in long distance 
transmission, use is also made of high response regulators which react 
to the voltage, current, and the first and second derivatives of the 
current and ensure the desired level of voltage on the high-voltage 
bus-bars after the transformers under normal conditions. 


The exciters of generators which are used on long distance trans- 
mission must have higher limits and rates of voltage build-up. Thus, 
the ceiling of the voltage of the excitors for the generators at the 
Volga hydro-electric power station and the Stalingrad hydro-electric 
power station is four times their rated voltage, whilst the rate of 
voltage build-up is five times greater. At such high values, ionic 
excitation is much more economical. However, tests at the Volga hydro- 
electric station have shown that the maximum power under conditions of 
static stability is approximately the same for machine excitation with 
@ maximum voltage 1.8 times greater than the rated voltage if a high 
response regulator is used, and the time constant of the excitation 
winding is 0.2-0.3 sec as for ionic excitation with a ceiling four 
times greater than the rated voltage. The results were only slightly 
less satisfactory in relation to dynamic stability. 


The use of high response autometic excitation regulators is not the 
complete answer to the problem of ensuring dynamic stability, but this 
problem can be solved ty such means as high-speed clearance of short- 
circuits, mechanical or electrical braking of generators and the dis- 
connexion of part of the generators. 


Automatic frequency control. Serious faults due to a deficiency of 
active power can be reduced by using automatic devices which disconnect 
the consumers if the frequency drops to a dangerous level. 


It is considered dangerous if the frequency drops to 47-48 c/s for a 
long period of time. Such a drop in frequency reduces the efficiency 
-f fans, flue gas pumps and especially the feed pumps of fuel -burning 
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power stations. The output of the station is reduced as a result and 
the deficiency of power in the system is aggravated so that frequency 
can be reduced in a vicious spira] Automatic load shedding devices 
begin to act at the frequency of 48 c/s. 


In selecting which loads are to be shed, it is necessary to consider 
the maximum generator power which can be disconnected in the power 
system in question. Consumers must only be disconnected one group at a 
time in order to avoid unnecessary inconvenience. The frequency must be 
raised to 49-50 c/s after the load shedding devices have operated. 


After the main groups of consumers have been disconnected, the 
frequency can still settle at 48 c/s. A special device is provided 
which cuts off another group of consumers at 47 c/s with a time lag of 
20-30 sec. 


The efficiency of this load-shedding system depends upon the in- 
stantaneous operation of the automatic equipment. It is, however, 
necessary to consider the possibility of the frequency relays operating 
incorrectly owing to sudden changes in voltage during short-circuits. 
The relay contacts may be momentarily closed by transient conditions in 
the relay winding circuits. A minimum time delay of 0.5 sec is there- 
fore allowed. 


Consumers are automatically reconnected by the automatic reclosure 
system when the frequency is restored. 


The average number o1 successful operations of such frequency regu- 
lators is shown in Table 1. 


Over the past eleven years each device operates about 1.9 times per year. 


The maintenance of normal voltage when a reduction in frequency occurs 
results in an increased consumption of reactive power at a time when the 
supply is restricted. It is therefore desirable to reduce the voltage 
if the frequency is reduced. 


Soviet power systems which are served ty hydro-electric power stations 
have a system of automatically starting and connecting standby hydro- 
electric generators when the frequency is reduced. Total load is 
reached 60-90 sec after starting. Use is made of speed governors to 
load partially unloaded hydro-electric generators and to convert hydro- 
electric generators operating as synchronous condensers. As a result 
partially unloaded generators take up their full load after 3-5 sec, 
and those operating as condensers after about 30 sec. 


The device which is used for automatically starting and connecting 
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hydro-electric generators incorporates a frequency difference relay 
(for the difference between the generator and network frequency), which 
operates in the presence of about 5 per cent slip and connects the 
generator in the network without synchronization. If several genera- 
tors have to be started, the starting sigals are sent off at intervals 
of about 20-30 sec. 


Automatic connexion of standby supply. This type of automatic 
equipment was first successfully used for power station auxiliaries. 
It was extended to the network and installed in industria] enterprises 
later. This system is used to connect standby transformers, lines, 
motors and sectional circuit breakers whenever the voltages disappear, 
including short-circuits on the bus-bars. Operating experience shows 
that the supply of a voltage after a short-circuit on the bus-bars has 
in many cases been successful in preventing a fault. 


Table 2 shows the average number of successful operations of standby 
supply controllers. 


The controllers are usually operated by the cuxiliary contacts of the 
main circuit breaker or a voltage relay which reacts to the disappear- 
ance of voltage on the bus-bars from which the consumers are supplied, 
In the first case, the standby supply is connected instantaneously on 
disconnexion of the supply source, but in the second case the voltage 
relay operates even if the voltage only disappears momentarily and so a 
time lag is provided. 


During the past twelve years each controller has on average operated 
4.4 times per year. 


Automatic reclosures. Automatic reclosure is extensively used on 
overhead lines and cable runs, substation bus-bars, transformers, 
motors, generators and condensers. 


The statistics of automatic reclosure devices are given in Table 3. 
On average each device has operated 1.34 times per year over the past 
fifteen years, 


The use of automatic reclosure on overhead lines is obligatory. 
Three phase instantaneous automatic reclosure is mainly used, wut single- 
phase automatic reclosure is used on important transit and spur 110-220 
kV lines and in networks with large earth faults. Single-phase auto- 
eetic reclosure mkes it possible to use lines on two phases without 
rrupting the supply. Unfortunately, single-phase autonatic reclosure 
. relatively complicated system. 
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Operating experience has shown that automatic reclosure can be 
successfully used on cable runs with intermediate substations. Thus, 
for example, 54.5 per cent of all automatic reclosings on cable runs 
were successful, which compared favourably with 59.2 per cent on over- 
head lines. This is obviously explained by the fact that a large number 
of short-circuits occur on the bus-bars of substations. 


Automatic reclosure can be successfully used for the supply of vol- 
tage to substation bus-bars no matter what the reason for the dis- 
appearance of the voltage. In this case automatic reclosure is usually 
operated by the differential protection of the bus-bars. However, if 
there is one transformer at a stepdown substation it is necessary to use 
automatic reclosure which is operated from the current protection. The 
automatic reclosure of transformers is operated by the auxiliary switch- 
es of circuit breakers, but they are interlocked with the internal 
protection of the transformer. 


Statistics show that 75-80 per cent of all bus-bar and transformer 
automatic reclosings are successful. Each successful operation prevents 
the disruption of the power supply for a large number of consumers, 


It is well know that the self-starting of all motors is not always 
successful after the clearance of short-circuits. Use may therefore be 
found of alternative automatic reclosure for maintaining important 
synchronous and asynchronous motors in operation. Experience with this 
type of automatic reclosure in the oil fields in Baku for the pump 
motors has shown that it is extremely efficient and reliable. This type 
of automatic equipment could be used at power stations and in other 
plants where there is no maintenance staff on duty to start the motors 
which were disconnected in order to facilitate the self-starting of the 
the important motors. 


Automatic reclosure after restoration of frequency was first used in 
the White Russian power system on the suggestion of I.N, Aleksandroy and 
A.Sh. Pridliand. Now they are in use in a number of power systems. 

This type of automtic reclosure must be considered very promising in 
comexion with the introduction of automatic equipment for starting 
standby units in the event of a reduction in frequency. 


Use is now made in some cases of boiler-turbine-generator-transformer- 
line units with about 30 breakers in the electric circuit. This in- 
volves the widespread use of automatic reclosure devices in conjunction 
with self-synchronization devices. 


In the event of a line short-circuit, the unit is disconnected at the 
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receiving substation and the device for extinguishing the generator 
field is disconnected from the line protection. The residual voltage 
of the generator is so small after extinction of the field that it is 
in no state to maintain the arc at the point of short-circuit. After 
the required period of time for restoring the electrical strength of 
the insulation at the point where the fault has occurred, automatic 
reclosure takes place at the receiving substation and the device for 
extinguishing the field of the generator is connected. In order to 
reduce the extinction time on the field and ensure a more rapid con- 
nexion of the generator into the network, it is necessary to use an 
AGP-1 type field extinction device with de-ionic grid. In order to 
avoid dangerous overvoltages on the excitation winding of the generator, 
it is necessary to provide a resistance in the field extinguishing 
device which shunts the excitation winding. 


The use of high-speed governors for the turbines makes rapid syn- 
chronization of the generators possible. 


YEAR 


1961 Non-synchronous automatic reclosure is also very promising. Tests 


and operating experience in the U.S.S.R. show that in some cases it can 
even be successful from the point of view of preserving the equipment. 


Non-synchronous reclosure is however impracticable if the moments 
arising with it are greater than the moments which arise during three- 
phase short-circuits for which all generators are designed. It has been 
established that such electromagnetic moments occur in turbine genera- 
tors at currents exceeding 5 ) aa and at current exceeding 3.5 ) a in 
hydro-electric generators. 


Swings which occur during non-synchronous reclosings can in some 
cases cause the incorrect operation of the relay protection and addition- 
al measures must be taken to prevent this. 


Non-synchronous automatic reclosure devices are very simple in 
design. They have therefore been extensively used in Soviet power 
systems. They are particularly effective on long inter-system links. 


The extensive use of non-synchronous automatic reclosure has been 
instrumental in the large scale use of excitation forcing for genera- 
tors so that the operation of the power system is unaffected by sudden 
changes in the current and voltage or the swings which appear during 
non-synchronous reclosing. 


High-speed reclosure also deserves special attention. This equipment 
provides a “currentless pause” for the air blast circuit breakers equal 
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to 0.2-0.3 sec. In many cases the synchronous operation of the 
generators is not disturbed during the operating time of such devices 
and reclosure is not accompanied by out of step conditions. This 
feature is very important for the reclosure of large power stations. 
High-speed automatic reclosure may however produce undesirable effects. 


In particular, high-speed reclosure of heavily loaded lines has no 
rea] advantage over non-synchronous reclosure since the rotational speed 
of the generators is rapidly increased if the total load is suddenly 
shed and the angle 5 between the voltage vectors at the ends of the 
line increase sharply during the currentless pause. 


The use of high-speed automatic reclosure is possible provided that 
use is made of high-speed protection which will provide simultaneous 
and instantaneous discomexion of the line at both ends independently 
of the position of the faults. 


On single lines which link a power station with a system or two parts YEA 
of a system, use may also be mde of three-phase automatic reclosure 196 
with recovery of synchronism besides single-phase and non-synchronous 
automatic reclosure. 


It is necessary to consider out-of-step conditions in somewhat more 
detail. 


Until automatic excitation regulation was used on a large scale, 
cases occurred when, despite the measures which had been taken, auto- 
matic reclosure was not followed by synchronism; out of step conditions 
set in, and the operation of the power system was disturbed. This was 
the main reason for failing to use non-synchronous automatic reclosure, 
However, it was seen later that sustained non-synchronous conditions 
were in the majority of cases permissible in power systems where the 
synchronous machines were provided with automatic excitation regulation, 
since the stability of the power system was not disturbed, The use of 
non-synchronous automatic reclosure was limited in these cases only ty 
the mechanical forces arising in the generators, transformers and other 
equipment. However, out -of-step conditions mist not be allowed to con- 
tinue indefinitely since this may disturb the normal operation of con- 
sumers who are attached to substations in the electrical centre of the 


swings. 


In all cases when sustained out-of-step conditions are probable and 
the use of non-synchronous automatic reciosure is permissible, it is 
necessary to take measures to ensure re-synchronization and prevent 
sustained out-of-step conditions. These measures include the installa- 
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tion of quick-acting speed governors on the steam turbines, the 
mechanical or electrical braking of hydro-electric generators, the 
disconnexion of some of the generators, load shedding and other 
measures. 


Nevertheless operating experience shows that the use of non- 
synchronous automatic reclosure should not be restricted owing to the 
danger of sustained out-of-step conditions. Thus, from 1954 to 1958, 
non-synchronous automatic reclosure devices operated a total of 339 
times, of this 257 were successful. Only three unsuccessful operations 
were attributable to sustained out-of-step conditions. 


Two of these cases occurred in i956 on the line linking the 
Azerbaijan and Gruzinsk power systems under abnormnal conditions. The 
link between these systems was quite loose, and its stability was often 
disturbed with sudden changes in the load of the consumers. During the 
two years 1955 and 1956 there were 46 cases of non-synchronous automatic 
reclosure, of which 32 were successful. Twelve of these cases were 
caused by stable short-circuits on the line and only two cases were 
attributable to sustained out-of-step conditions. 


The third unsuccessful operation due to sustained out-of-step con 
ditions occurred in the Permsk power system which was connected with 
the Kamsk hydro-electric station by two 220 and 110 kV lines. If large 
outputs were transmitted along the 220 kV line before disconnecting it, 
the stability of transmission along the 110 kV line was disturbed. But 
even here there were several dozen cases of successful operation of non- 
synchronous automatic reclosure on 220 kV lines and only in one very 
difficult case was it necessary for the staff te interfere and eliminate 
the out-of-step conditions. After this use was made of automatic dis- 
comnexion of some of the generators of the Kamsk hydro-electric station 
on interruption of the 220 kV line and no further cases of unsuccessful 
operation of the non-synchronous reclosure occurred, 


Aspects of static and dynamic stability. In individual power sys- 
tems fault disconnexions of consumers have occurred owing to “voltage 
avalanches” at a nodal centre with a small drop in voltage in the supply 
network, 


Tne typical feature of centres where this has happened is the 
preponderance of induction motors for which the reactive power require- 
ments are mainly covered by static capacitors. The average load of 
induction motors in such conditions is 0.8-0.9 of nominal. 


A radical way of preventing the consumer being cut off under fault 
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conditions is to use synchronous motors instead of asynchronous motors 
or to use synchronous condensers instead of static capacitors, and to 
force the static capacitors at reduced voltage. In this case the 
starting devices may react to the rate of change in the voltage with 
time. 


In some cases it is not possible to use static capacitors to compen- 
sate the reactive power on the grounds of stability. However, the use 
of synchronous motors instead of asynchronous motors with static capa- 
citors is more economical in the majority of cases. 


Large turbo-generators with direct cooling have a relatively large 
reactance and small mechanical time constants. This is explained by 
the fact that new systems of cooling make it possible to increase the 
output considerably at the same overall dimensions. The synchronous 
torque of such generators is less and their resynchronization is more 
difficult in consequence. Owing to their intense cooling they have 
considerably greater current densities under normal conditions and a 
lower overload capacity. The margins of mechanical strength are also 
smaller. 


The problem of the stability of turbo-generators can be solved by 
using speed governors on steam turbines which react more quickly to 
acceleration. Tests on one such regulator which was designed by the 
All-Union Thermal Technical Institute proved satisfactory. Thus, for 
example, synchronous operation of the generator was ensured with the 
discomexion of one parallel line by reducing its output. Without the 
regulator the generator fall out of step. The regulator was also in- 
strumental in re-synchronizing the generator after short-circuits last- 
ing 0.5 sec. The synchronism was not restored after such a short-circuit 
without the regulator. 


The Leningrad Metal Factory has developed a hydraulic differentiator 
which reduces or stops the supply of steam to the turbine roughly 0.2 
sec after a sudden drop in the load. 


Owing to a number of specific features, it is not possible to make 
the speed control of a water turbine more quick-acting. The problem of 
improving the stability of hydro-electric generators has to be solved 

by other means, such as electrical braking, disconnexion of some of the 
generators and so on. 


Power e¢ysten automation. The development and inter-connexion of 
power systems makes it a more complicated matter to control their 
operating condition and it becomes more increasingly necessary to ensure 
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the most economical operation of fuel-fired and hydro-electric power 
Stations with network losses included. These problems can only be 
solved by automation. 


Automation of the control of operating conditions in power systems 
cannot be confined to the installation of appropriate apparatus at 
despatcher control points. It is also necessary to apply automation to 
the execution of commands from the despatcher point to the station. 
Widespread automation of the thermal processes is also required, 


The analysis of conditions has to be made by computers. A very 
promising line of development is the use of control] machines for com- 
plex automation of boiler-turbine-generator units. 


The most serious attention must be paid to the automation of trans- 
former voltage control when under load, the connexion and disconnexion 
of capacitors, the distribution of reactive loads between power stations 
and power systems, 


All this is very important from the point of view of improving the 
power supply. 


Continuity of supply 


Interruptions of the power supply are very important from the economic 
point of view. In order to prevent the disconnexion of important 
motors at the low voltages which accompany short-circuits in the net- 
works and from automatic reclosure and the operation of standby devices, 
use should be made of self-starting for motors which is ensured by 
correct adjustment of the relay protection of the motors themselves and 
of the other elements in the network (generator, transformers, lines). 


The choice of fuses is very important to ensure the self-starting of 
380 V motors. They should be selected so as to ensure the disconnexion 
of the motor in the presence of inter-phase short-circuits and in the 
presence of line-to-earth faults in earthed neutral systems. In no 
case should they be used for protecting the motors from overloads, 
since this can lead to damage of the motor if the fuse blows on one 
phase and the motor operates on two phases. 


Operating experience shows that the self-starting of synchronous 
motors is just as feasible as the self-starting of induction motors. 
Only in individual cases is it necessary to use a special device for 
the self -starting of synchronous motors. In exceptional cases it is 
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also necessary to take away the excitation of synchronous motors for 
the automatic connexion of the standhy supply and for automatic re- 
closure. 


The scope for automation and remote control 


Remote control and automation is not an end in itself, but only a 
means to achieve reliable and economical operation of the power system. 
If this is forgotten the volume of automatic equipment and remote con- 
trol equipment in particular will be fixed without regard to actual 
operating conditions, the extent to which they are used and their costs, 
since this automatic equipment will be used to counteract fault con- 
ditions which become continually less and less likely. The capital 
cost of investment in automatic devices must always be justified most 
carefully. The investment must be recovered in a reasonable period of 
time out of operating costs. 


It is not convincing to argue that the more important consumers 
require a larger amount of remote control equipment. Quite the con- 
trary, such consumers who have a hundred per cent standty supply require 
least remote control equipment. 


Unnecessary equipment is a waste of money and a nuisance, whereas 
its use on a sensible scale makes it possible to reduce the number of 
employees, to dispence with circuit breakers at substations on the high 
voltage side and so on. The correct choice of protection from short- 
circuits and overloads is very important for reducing the amount of 
automatic and remote control equipment. 


Operating experience shows that in the overwhelming miority of 
cases a substation which is converted to operate without permanent staff 
need not be provided with remte control devices, telemetering equipment 
and remote indication equipment on a large scale. If automatic reclosure 
and automatic connexion of the standhy supply is provided etc, it is 
sufficient to have a simple alarm system with two sigals (fault and 
warning). In the Azerbaijan power system there are automtic substations 
on 20 and 35 kV which have operated for a long period without a perma- 
nent staff and without a system of remote indication and even though 
they are a large distance away from the base substation, the staff can 
be conveyed to the most outlying of them in about 20 min. 


No permanent staff is necessary at stations without remote indication 
if the disconnexion of lines joining power system substations can be 
planned at substations where there is a permanent staff or when the 
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consumer himself can make the interruption known. 


It is necessary to use automatic equipment on a large scale at those 
substations which supply industrial enterprises direct. But even the 
removal of a permanent staff from these substations should not be 
linked with centralized control formed by an extensive system of auto- 
mation and remote control since the substations are quite close together. 
Telemetering should only be used to a limited extent in the power sys- 
tems of industrial undertakings. 


Operating experience shows that periodic inspection of substations 
without a permanent staff is quite sufficient. The number of inspec- 
tions at many substations have been reduced to one per week, and this 
is not the limit. Personnel are very rarely called to substations to 
eliminate disturbances and faults. At many substations personnel are 
only required during daytime and then not for operating the system, but 
only to perform various operations such as maintenance and repair. 


The main task is ensure reliable operation of power systems at 
minimum cost. This requires a reduction in the prime cost of electri- 
cal equipment and the reduction in operating costs. The following main 
measures have to be taken to achieve this in the field of relay protec- 
tion and electro-automation: 


1. The production of unit-type devices and elements for electro- 
automation and relay protection. 


2. The reduction in dimensions of relays, apparatus and devices. 


3. In the desig and construction of new relay protection devices 
and automatic equipment, special attention must be paid to the simpli- 
fication and improved reliability of the individual elements and of the 
device as a whole, the reduction in the number of tests and checks during 
erection and use, and the elimination of internal inspection of the 
individual elements of a device. 


4. Further improvement of substation systems without circuit break- 
ers on the high-voltage side and their automation. 


5. The development of relay protection and automatic devices on 
operative a.c. for all voltages and outputs. Special] attention must be 
paid to the reduction of consumption in the control circuits of circuit 
breakers, especially air-blast circuit breakers, the development and 
improvement of electro-pneumatic, clockwork, and pendulum devices, and 
the widespread introduction of electrommetic devices with rectifiers 
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and motor drives. 


6. The application of semiconductors in relay protection and auto- 
mation. 


7. Industry should be geared to the production of devices and 
apparatus for testing the various types of device used in relay protec- 
tion and power system automation. 


Translated by O.M. Blunn 
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LONG DISTANCE POWER TRANSMISSION WITHA 
D.C. MAGNETIZED REACTOR- TRANSFORMERS 
AND FORCED CAPACITOR BANKS* 


D.1I. AZAR’ EV 
Moscow 


(Received 23 January 1960) 


At the present time long distance power transmission of large 
current capacity is designed and equipped either with series-capacitor 
compensation for the inductive reactance of the line, or with synchro- 
nous condensers at intermediate substations. The power of the compen- 
sating devices may be very large. For example, on the 400 kV line 
between the Volga hydro-electric station and Moscow the power of the 
capacitor banks is 485 MVA, and the power of the reactors for compen- 
sating the excess reactive power at minimum loads and limiting the 
voltage rise on connexion of the line its 750 MVA. 


The power of the compensating devices increases with distance and 
voltage. For example, a single-circuit 650 kV line of 2500 km and 
2100 MW requires static capacitors with a total power 4700 MVA and 
reactors with a total power of about 4000 MVA, i.e. each kilowatt of 
transmitted active power requires about 2.2 kVA of static capacitors and 
about 2 kVA of reactors. If the transmitted power is increased from 
2100 to 2400 MW, then the power of the static capacitors increases from 
2.2 to 2.7 kVA per 1 kW of transmitted power. 


It has been shown by a study of long distance transmission with 
series compensation that the power of static capacitors is completely or 
partially absorbed by the reactors even if mximum power is transmitted. 
It is only possible to disconnect the reactors if the degree of series 
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compensation leads to a reduction in the margin of stability. One 
escape from this situation would be the use of synchronous condensers 
at intermediate substations. However, this requires the use of trans- 
former substations and, consequently, additional capital outlay. In 
addition, synchronous condensers do not allow large overloads and active 
losses are considerable. 


The author of this paper has already suggested [1,2] that synchro- 
nous condensers be replaced ty reactors with magnetization and forced 
capacitor banks with programme control. In this system use may be made 
of the low voltage reactor proposed by M.S. Libkind [3], or any other 
high-speed reactor with magnetization, but a still better system can 
now be used. 


It is possible to produce a unit in which a transformer and an auto- 
matically controlled high-voltage reactor are combined and which is so 
quick-acting that it is capable of reducing overvoltages and increasing 
the current capacity of the line so that the cost of transmission is YEA 
reduced and less equipment is required [4]. 196 


It is not possible to use a control reactor in the form of a conven- 
tional transformer [5] because the shape of its current and voltage 
curve is considerably distorted, and there is a large time constant 
under changing conditions which exceeds 10 sec. The 20 kV [6] reactor 
proposed by Friedlander possesses a curve of acceptable shape, which can 
be produced at higher voltages and used as the transformer if a secon- 
dary winding is attached to it, however, the direct magnetic link be- 
tween the d.c. control winding with the closed delta winding does not 
allow high-speed control of the reactor (time constant of the magneti- 
zation winding is 0.75 sec). The six-core magnetic system requires a 
large amount of material, more than three times that of a non-controlled 
reactor. 


Better results can be obtained if the magnetic system of the reactor 
is split into parallel branches magnetized by d.c. in such a way that 
the magnetic fluxes are in opposite directions [4]. A reactor ean be 
constructed on this principle if use is made of the magnetic aystem of 
conventional three-phase or one-phase transformers. The rate of control 
of such a reactor will be higher since the magnetic flux created by 
the d.c. winding induced currents in the a.c. windings. 


The magnetic system can be split in a different way, for example, as 
shown in Fig. 1. The reactor transformer in Fig. 1 consists of a three- 
core magnetic system 1, which has two zig-zag connected primary high- 
voltage windings 2 and 3, and a secondary winding 4 connected in delta. 
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The secondary winding is used for connecting the capacitor banks and 
for supplying local consumers. It also serves to eliminate the third 
harmonic. More remote consumers can be supplied from windings 3 or 2. 


Magnetization winding 5 is disposed on magnetic circuits 6 and 7, 
which adjoin the faces of the three-core magnetic system, and is con- 
nected in such a way that the magnetic fluxes produced by it are closed 
through cross-pieces 8 of the three-core magnetic system and do not 
penetrate into the cores of this system on which the a.c. windings are 
disposed, With this connexion of the magnetization winding the control 
speed of the reactor is higher than that of the reactor proposed by 
Friedlander [6]. 


In order to eliminate the fifth and seventh harmonics, the primary 
windings of another but similar reactor transformer must be connected 
so that the phase sequence is reversed (A-C-B instead of A-B-C). 


by A 
2 


Pig. 1. Circuit of the magetizable reactor- 
transformer with forced capacitor bank. 


In order to check the shape of the curve, tests have been carried 
out by Teploelektroproekt on a prototype reactor-transformer. The 
tests showed that quite an acceptable shape of curve for the current 
and voltage can be obtained. Fig. 2 shows oscillograms of the linear 
current of a reactor transformer and the total current of two reactor 
transformers with identical magnetization. 


Ls: 
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The flow of d.c. through the magnetization windings saturates the 
cross-pieces 8 and the magnetic circuits 6 and 7, and their magnetic 


permeability is reduced. 


Fig. 2. Oscillograms of the line current of a 
reactor-transformer (a), and the total current 
of two reactor-transformers (b). 
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Pig. 3. Method of long distance transmission 
with mgnetizable reactor transformers and 
forced capacitor banks. 


Since the fluxes created by the a.c. windings pass through the same 
parts of the magnetic system, the inductive reactance of these windings 


is reduced, and the current increased. 


By varying the mgnetization current, the reactive power absorbed by 
the reactive-transformer can be varied hy a factor of 10. This mkes 
it possible to connect the reactor transformers without circuit breakers, 
since on heavy loads the consumed or reactive power can be reduced by 
decreasing the magnetizing current, and if faults occur it is possible 
to disconnect the system of bus-bars to which it is connected. 
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The use of magnetized reactor-transformers is expedient not only for 
increasing the current capacity of the line, but also for limiting the 
voltage in the absence of load and interruptions and connexions at one 
end. In this latter case reactors with magnetization are more effective 
than reactors with a linear volt-ampere characteristic, since the reac- 
tive power consumed by them increases rather more quickly with increas- 
ing voltage. 


The efficiency of the proposed system (Fig. 3) will now be con- 
sidered. The 400 kV line between the Volga hydro-electric station and 
Moscow will be used as an example. 


Series -compensation of the inductive reactance of the line between 
the Volga hydro-electric station and Moscow (Fig. 4) is provided by 
static capacitors with a total power of 485 MVA, a total resistance 
32 2, and a rated current 2250 A, 


} i 


Fig. 4. Transmission system between the Volga 
hydro-electric station and Moscow. 1 - receiv- 
ing system; 2 - Volga hydro-electric station; 

3 - switching point No. 1; 4 - switching point 
No. 2; 5 - switching point No. 3. 


Under normal conditions the current load of the capacitors is 79 per 
cent. If one of the circuits of some section of the line is interrup- 
ted, one of the capacitor banks is also disconnected and the two banks 
which remain in operation are loaded to 118.5 per cent. In order to 
absorb the excess reactive power at the switching point 2, a set of 
three reactors is installed with a total power of 450 MVA. The number 
of 400 kV circuit breakers at point 2 is 18. 


To keep the direct-axis transient e.m.f. constant and equal to its 
value under nominal conditions, the maximum transmitted power is 1500 
MW. If excitation regulators are used so that the voltage on the 
generator bus-bar is constant, the maximum power is 1640 MW, and if 
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regulators are used to keep the voltage on the bus-bars of 400 kV 
stations constant, maximum power is 1840 MW. If the margin of sta- 
bility is kept the same at 1% for all cases, the transmission of power 
under normal conditions is 1300, 1420 and 1600 MW respectively. 


If it is considered that under normal conditions a load of the 
static capacitor bank up to nominal current and nominal voltage is 
permissible, then the transmission of the specified outputs requires 
Static capacitors with a total power of 306, 367 and 466 MVA respec- 
tively. In this case, if one of the parallel circuits of some section 
of the line is interrupted, then one of the three static capacitor 
banks is disconnected and the other capacitors will be overloaded by a 
factor of 1.5 as regards current, and 1.5 as regards voltage, i.e. by a 
factor of 2.25 as regards power. The curves shown in Fig. 5 show that 
for the case when Ej of the generators is constant, the same maximum 
output (1500 MW) can be transmitted if use is made of transverse (shunt) 
compensation in place of series compensation and reactors with a linear 
volt-ampere characteristic, where transverse compensation is in the form 
of static capacitors and reactors with magnetization. In the following 
we will refer to transverse compensation as shunt compensation as 
opposed to series compensation which can alternatively be called longi- 
tudinal compensation. However, in the case of shunt compensation the 
necessary power is considerably less. For example, in order to obtain 
the same margin of stability as in the case of series compensation, the 
reactive power required in the middle of the line is 240 MVA when 
transmitting a power of 1300 MW, and the source of reactive power in 
the middle of the line must give 110 MVA when transmitting the maximum 
power 1500 MM, 


1500 


1300 
30 0 70 80 90 100 degree 


Pig. 5. ‘The transgitted active power as a function 

of the phase angle of the e.a.f. of the transmitting 

station with Ej of the generators constant: { - 

with series compensation; 2? - with shunt (trans- 
verse) compensation. 
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Assuming that the reactor requires 40 MVA in the absence of magneti- 
zation current under maximum conditions, it is found that the power of 
the static capacitors ee. - Q +Q r®™ 110 + 40 = 150 MVA. The power 
consumed by the reactor under i conditions is Qor = Q, + Q,. e* 

= 240 + 150 = 390 MVA (Q, and Q, stand for the reactive power consumed 
or delivered by the plant under normal and maximum conditions). The 
power consumed by the reactor needs to be varied by a factor 


Under fault conditions the source of reactive power in the middle of 
the line must deliver 110 MVA when transmitting 1300 MW and 350 MVA 
when transmitting 1500 MW. Consequently, the static capacitors must 
deliver a power 350 + 40 = 390 MVA; when transmitting 1300 WW 
the reactor must consume the power Q. = 390 - 110 = 280 MVA, The power 
consumed by the reactor needs to be changed by a factor 


280 


If it is assumed that the capacitor banks are forced as regards 
power by a factor 2.25 the same as in series compensation, the estab- 
lished power of the capacitor banks must equal 173 MVA. 


In order to obtain the same stability margin with a constant voltage 
on generator bus-bars as in the case of series compensation, it is 
necessary that when transmitting 1420 MW the reactive power in the 
middle of the line has to be 80 MVA, and when transmitting the maxinum 
power 1640 MW 225 MVA should be delivered. 


Taking the same minimum power of the reactor as in the previous case, 
the power of the static capacitors Ge = 225 + 40 = 265 MVA, and the 
maximum power of the reactor Q. = 265 + 80 = 345 MVA. Consequently, 
the necessary change in output is 


345 
=8.65. 


Under fault conditions it is necessary that the source of reactor 
power in the middle of the line should deliver 330 MVA when transmitting 
1420 MW and 490 MVA when transmitting 1640 MW. Likewise, the static 
capacitors under these conditions must deliver 530 MVA, i.e. they have 
to be forced as regards power by a factor of 2, and the reactor must 
increase its output from 40 to 200 MVA, i.e. by a factor of 5. 
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If the direct-axis transient e.m.f. is constant as well as the 
voltage on the bus-bars of the generator, the power of the static 
capacitors and reactors can be decreased still further, if a slight 
reduction is allowed in the voltage in the middle of the line under 
maximum conditions as is the case in series compensation. For example, 
with a constant generator voltage, a 5 per cent reduction in voltage 
gives the results shown in Table 1, 


TABLE 1 
tive” Load of 
Transmitted|°ltage in | reactive Reactor 
Conditions middle power in static 
power, MH) line | middle of | MYA | canacitor 
line, MVA tank, MVA 
1.420 U 480 +235 -155 
Norm | ace 
1.640 | 0.95 -100 +40 -140° 
Me circuit dis- 1.420 -330 +45 -375 
section of line 


* The power of the static capacitors is reduced 10% owing to the ™% reduction 
of voltage under limiting conditions. 


Assuming that the capacitor banks under fault conditions are forced 
as regards power by the same factor as in series compensation, i.e. by 
a factor of 2.25, the rated power of the banks will be 166 MVA. The 
maximum power consumed by the reactors with magnetization is 235 MVA, 
and the necessary power variation factor is 5.88. In order to obtain 
the same margin of stability as series compensation it would be neces- 
sary to have static capacitors with an output of 367 MVA, i.e. 2.2 
times greater. 


The reason for the greater efficiency of the capacitors in the 
proposed system is that with series compensation the excess reactive 
power of the static capacitors is absorbed by the reactors which remain 
connected under maximum conditions. However, in the proposed system 
the reactors operate without magnetization under maximum conditions 
and, without reducing the voltage, consume considerably less power. 
Under fault conditions with series compensation, some of the capacitors 
are disconnected for purposes of forcing and are not used, even though 
they are then more necessary. In the proposed system all the capaci- 
tors remain connected. 
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It should be pointed out that with series compensation the static 
capacitors operate under rather less favourable conditions then in shunt 
compensation. For example, with series compensation the voltage on the 
capacitors during short circuits and swings can be increased by a factor 
of 2-2.5 or more with an increase in current. In the proposed system 
under normal conditions the voltage on the capacitors does not exceed 
the rated voltage, and under fault conditions it is increased only by 4 
factor of 1.5 with forcing of the capacitor banks as regards power by a 
factor of 2.25. 


In the proposed system the capacitor banks are connected to a lower 
voltage which makes it possible to reduce the cost of the equipment and 
improve its operating conditions. 


An important advantage of magnetized reactors is that with an in- 
crease in voltage the power consumed by them is increased more sharply 
than with reactors having a linear volt-ampere characteristic. Conse- 
quently, they limit overvoltages more effectively when some lines are 
interrupted. 


The effect of the proposed system on dynamic stability will now be 
considered. 


The dynamic stability of a power station in a large network is the 
greater, the greater the area bounded by the curve P, - P, = f( 6), 
where P. and P, are respectively the powers developed by the generator 
and turbine. It will be seen from Fig. 6 that with the same margin of 
static stability the area bounded by the curve P = f(5) and the straight 
line P,, is slightly less with shunt compensation than with series com- 
pensation. This is explained hy the fact that at the moment maximum 
active power is achieved the magnetization is reduced to zero and the 
reactor is in no state to maintain the voltage in the middle of the line. 
In order that the area should be the same in both cases, it is necessary 
to increase the forcing of the capacitor banks at the first moment. 


It has been shown by calculations that if the bank of static capaci- 
tors is forced as regards power by a factor of 2.25 for a prolonged 
period, then they must be forced by a factor of 3 on occasion in order 
to maintain dynamic stability, i.e. the bank voltage must be increased 
by approximately 1.73 compared with nominal voltage. It should be 
mentioned that even with series compensation the current and voltage 
overload of the bank exceeds 1.5 as a result of generator swings. 


It will be seen from Fig. 7 that with generator swings the relative 
angle between the e.m.f. of the Volga hydro-electric station and the 
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receiving system with shunt compensation is greater than with series 
compensation. However, this is of no importance since the maximum 
permissible angle in shunt compensation is greater than in series com- 
pensation. The maximum transmissible power with a constant voltage in 
the middle of the line for shunt compensation is inferior if the angle 
between the voltages at the ends of the transmission line is 180° and 
for series compensation at the angle 90°. This difference is the less, 
the greater the voltage reduction in the middle of the Jine. 


MW 2-4 
1500 
106g 
70080 $0 9 degrees 
YEAI 
Fig. 6. The transmitted active power as a func- 196) 


tion of the phase angle of the e.m.f. of the 
generators at the Volga hydro-electric station 
under fault conditions. 
1 - series compensation; ? - shunt (transverse) 
compensation. The broken line corresponds to 
the increased power of the bank of static capa- 
citors. 


Forcing of the capacitor banks is necessary when it is necessary to 
transmit power equal to power under normal transmission conditions when 
one circuit of the line on some section is interrupted. 


If this is not necessary, then both static and dynamic stability can 
be ensured by disconnecting some of the generators at the transmitting 
power station under fault conditions. In order to improve the dynamic 
stability, use may also be made of electrical or mechanical braking for 
the generators. If it is necessary to transmit the same power as under 
normal conditions when one circuit of some section is interrupted, then 
the use of braking does not exclude the forcing of the capacitor banks. 


It has been shown by calculations for two values of the time constant 
of the reactor resistance (1 and 0.2 sec), that this has no great effect 
on stubility. 


The use of magnetized reactors is also possible for series compensa- 
tion of the inductive reactance of the line, but such a combination is 
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less expedient since it requires a larger power for the capacitor 
banks. The cost of equipment for series compensation with mgnetized 
reactors will be higher because the capacitors are connected to a 
higher voltage and require additional high-voltage circuit breakers, 
It should however be noted that in Table 2 it is assumed that the cost 
of capacitors for series and shunt compensation is the same. 


degrees 0 degrees 0 
100) — 
so} 
v0 “0 — 
2 
20 20 
= 06 sec 
Jj 
-20 
a) 6) 


Fig. 7. Swinging of generators due to two-line- 
to-earth faults with series (a) and shunt compen- 
sation (b) 
1 - phase angle of e.m.f. of generators at the 
Volga hydro-electric station; 2 - phase angle 
of receiving system; 3 - phase angle of syn- 
chronous condensers; 4 - relative angle between 
the e.m.f. of the Volga hydro-electric station 
and the e.m.f. of the receiving system. 


It has been shown from calculations that if magnetized reactors were 
installed on the transmission line between the Volga nydro-electric 
station and Moscow, the same limit of static stability can be achieved 
with a resistance of the capacitor banks equal to 23.7 2, i.e. the 
power of the capacitor banks can be reduced from 367 to 266 MVA, or by 
a factor of 1.37. In the proposed system however, the power of the 
capacitor banks is equal to 155 MVA, i.e. approximately 1.5 times less. 


Moreover it has been calculated that with a resistance of the capa- 
citor banks of 23.7 2 under normal conditions and 34.6 2 in post- 
fault conditions dynamic stability is not ensured. 


30q ‘VAW/S@TQNOs UT ST SNOUOIYOULS PUB ‘SIOZOVSA JO 


JO sequnuU UT 
3NqQ ‘VAW UT UsATS ST PUB ‘SZOQTOBdBS JO 


6°16 


WLOL 


** $103, 


7809 


S10W10J 10,0881 


The 


344 transmission 
+ 
196 


YEAR 
196 


Long distance power transmission 345 


The overloading of the capacitor banks in series compensation is 
also related to the increase in current which takes place during swings 
and after the capacitors are disconnected. If the swings are large, the 
current after disconnexion of the capacitors can be twice the current 
under normal operating conditions of the line or three times greater 
than the nominal current. However, if the capacitors are connected to 
the secondary windine of the reactor transformer, the maximum voltage on 
the capacitors will depend on a pre-determined degree of forcing and is 
relatively independent of transmission conditions. 


It is to be expected that the use of high voltage high-speed reactor 
transformers will make it possible to reduce overvoltages in lines and 
reduce insulation requirements and, consequently, either reduce their 
cost or permit an increase in voltage. The latter is the more rational. 


In the first period of operation of new lines, large power is often 
not required and the reactor transformers will often be magnetized, 
i.e. used mainly as reactors. Later, when the load has increased, they 
will be used mainly as transformers; if there is a shortage of reactive 
power the capacitor banks will often be connected to them. 


A comparison will now be made between the proposed system of trans- 
mission and the system using synchronous condensers. 


It will be seen from Table 1 that if some circuit of one line sec- 
tion is disconnected and it is necessary to transmit 1420 MVA, then the 
source of reactive power in the middle of the line must deliver 330 MVA 
into the line. In order to deliver this power, it is necessary to have 
a 330 MVA transformer. The loss of reactive power in it will be at 
least 50 MVA, Consequently, all the synchronous condensers must deliver 
380 MVA which must be their nominal power since a sustained overload of 
the condensers cannot be allowed, 


In order to increase the dynamic stability, it is necessary to com- 
pensate the reactance of the transformer and the transient reactance of 
the synchronous condenser. If it is assumed that the first is equal to 
17 and the second to 34 per cent, then 90 per cent compensation requires 
140 MVA of static capacitors. Allowing for an overload of 2.25, 62 MVA 
will be sufficient. 


Table 2 compares the amount and cost of the equipment for series com- 
pensation, synchronous condensers and the proposed system. The cost of 
erecting the equipment is included, 


It will be seen from Table 2 that the system with magnetized reactor 
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transformers requires considerably less equipment and its cost is 
accordingly lower. 


The loss of active power in the circuit with synchronous condensers 
is slightly larger than in systems with mgnetized reactor transformers 
and with series compensation. 


For example, on full load the loss of active power in synchronous 
condensers of KSV-75,000 type is about 1.4 per cent of their nominal 
power, the transformer loss is about 0.5 per cent and the total loss 
1.9 per cent. However, the losses in a magnetized reactor transformer 
on full load is about 1 per cent. The saving on annual losses is about 
1.5 million rubles. 


Thus, the system with magnetized reactor transformers is considerably 
cheaper than systems with synchronous condensers or systems with series 
compensation in particular. 


Pig. 8. Method of forcing capacitor banks 
(forcing factor from 1 to 4). 


The capacitor banks connected to the reactor transformer can be 
forced in different ways, e.g. by switching to a previously provided 
system of branching the higher voltage [1], or hy the system illustra- 
ted in Fig. 8 [7]. In the latter case, by changing the reactance of 
the bank Xo any degree of forcing can be obtained. 


te + 0.25" 


If zs, = 0, the degree of forcing as regards power is 4, and if %.* 
= 0.5, it is 1.33. 
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It should be borne in mind, that with a degree of forcing other than 
1.33 or 4, the capacitors are not charged uniformly. In order to 
distribute the charge more uniformly, it is necessary under these con- 
ditions to select the appropriate rated currents of the bank. If the 
degree of forcing is 1.33 or 4, the distribution of the charge is uni- 
form when the capacitors are switched into the double star system (Pig. 
9b) or into the double triangle system (Fig. 9c). 


a) 


Fig. 9. Method of forcing capacitor banks 
(forcing factor 1.33 and 4). 


Other means of forcing the capacitor banks have been suggested, such 
as the use of control valves which are connected in series with the 
capacitor banks [8]. 


There is also a Suggestion to split the mgnetic system of the mag- 
netized transformer in the core [9] instead of in the yoke as considered 
in this paper. Further investigation is required to determine which 
system is the best. Such an investigation is outside the scope of this 
paper. 


Thus, the proposed system of long distance transmission with mag- 
netized reactor transformers and forced capacitor banks [4] has tne 
following advantages: 


1. It is more quick-acting than the system with synchronous conden- 
Sers and ensures the maintenance of the voltage at intermediate points 
in the power systems and thereby increases the current capacity and 
stability of the transmission system, 


2. It incorporates no rotating machines and is therefore more reliable 
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and cheaper to run. 


3. It requires fewer capacitors and high-voltage circuit breakers 
than the system with series compensation. 


4. It limits overvoltages and permits a reduction in the level of 
insulation on lines and equipment directly connected to it. 


5. It makes it possible to supply consumers in adjoining regions 
immediately after installation and at the same time provides maximum 
current-capacity without additional expenditure on equipment. 


Translated by O.M. Blunn 
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THE PERMEANCE OF 
MAGNETIC CIRCUITS WITH TEETH* 


Yu.S, RUSIN 
Leningrad 


(Received 9 January 1961) 


Use is often made in various applications of the type of magnetic 
system with teeth illustrated in Pig. 1. In such systems there is 
quite a large leakage flux which can in some cases be of the same order 
as the operating flux and even exceed it. It is therefore very impor- 
tant to be able to determine the magnitude of the total magnetic per- 
meance of such systems. Naturally, no rigorous solution of this 
problem exists owing to the complexity of the boundary conditions and 
the need to calculate a three-dimensional field. It is therefore 
necessary to consider an approximate method. In this paper a method 
is described which is based on a particular idealization of the field of 


the system. 


The proposed method of analysing the permeability of magnetic systems 
with teeth is based on a conditional division of the space around the 
pole ends into separate regions. Given the geometric shape of the poles, 
it is expedient to consider the field between the faces and the field 
between the ribs separately. If the field between the faces is con- 
ditionally assumed to be two-dimensional (since a two-dimensional field 
is the simplest to analyse) the permeance calculated on the basis of 
this assumption will be less than the true value since the edge (surface) 
effect is ignored. This difference between the true magnetic permeance 
and the approximate value can be included by introducing an additional 
permeance as a correction for the surface effect). The author has found 
an analytic expression which defines the additional permeance as a 
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function of the main geometric criteria of the system as a result of 
the investigation of experimental] data. 


The total permeance of the system under consideration can therefore 
be defined as the sum of the permeance G, between the external faces, 
Gy that between the internal faces and Gs the additional permeance. 


Permeance will now be found for the general system in which tooth is 
above tooth (see Fig. 1). 


The permeance G, is defined by the formula (1) 


2e 2e 
1) 


= te [29 (k,,) + (2 — 1) p(A,,)] 2c, 


where Po is the magnetic permeance of air; and 


_ Ky) 


are functions representing the relationship between the additional and 
total elliptic integrals of th. first kind with moduli respectively 
equal to (see appendix I): 


ki k=; ki 


24 is the size of the air-gap, 2c the width of the tooth or recess 
(this relationship between the size of the tooth and recess is taken for 
the sake of simplicity, but in general any dimensions can be used by 
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Pig. 1. Tooth pole ends 
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appropriately changing the limits of integration in formula 1), and vn 
the number of teeth (n - 1 is the number of recesses). 


The permeance G, is defined by the formula [1]: 


6 [2 tanh 0.87 
| P+ 41 tan 5.5 p] Bos (2) 


where 


As a rule p > 1, and so eqn, (2) simplifies to: 


G,= 35 +41] (2a) 


The determination of Gy can be considerably simplified if it is 
accepted that in real systems 6 <c. It is therefore quite accurate 
to suppose (see appendix II) that the field between the teeth is uniform 
and, consequently, the bulging of the lines of force at the edges of the 
tooth can be ignored. This allows the use of conformal transformations 
to determine the permeance of the space between the recesses. Using 
Christophel-Schwartz’ integral, the rectangular CDEF (the plane z) can 
be represented as a transformation of the upper half-plane ( (Fig. 2). 
Correspondence of the points can be selected as follows: 


0+0; E+c(F+—c), 


The function for this transformation has the form: 


= dz 


where f is the co-ordinate of the plane €, which corresponds to the 
co-ordinate of the point C in the plane :. 


In order to determine 4 and f, use is made of the following condi- 
tions: 


z=c if C=c and z=—c+j2a if (=f, 


which, if substituted in eqn. (3), give after simple transformation 
{2): 


(4a) 
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2a K 
where K(k*s)) and K(ko)) are total and additional elliptic integrals of 
the first kind. 


4 

4 

a4 = 


Fig. 2. Original system and system in trans- 
formed plane. 


The moduli of the elliptic integrals hoy and hoy can be found either 
graphically or by equations 4a or 4b, or by the approximate formulae: 


e > 1.83 <1.83 
In order to determine the co-ordinates + and «6, which correspond to 


the co-ordinates of the points 8 and B’, use is made of the conditions: 
z=c+j(a—*) if 
z=c+j(a+4 if C= 

which in conjunction with eqn. (3) give: 


K (ky, 


(5a) 


K (hy,) =F (44; (5b) 


YEA 
196 


YEAR 
1961 


Permeance of menetic circuits 353 


F (9.4; F (P43; 


are partial elliptic integrals of the first kind with the modulus hoy 
and the amplitudes and ? 99° 


The ‘amplitudes Po, and 5 can be found from Tables of the values 
F(¢;, kj), 1.e. from the values of the left-hand sides of eqn. (5). 


The following formula is used to determine the permeance per unit 
length of the upper-half space of a system of two semi-infinite and one 
finite plate, which corresponds to the permeance of the recess (see 
appendix I): 


—K (has) 
where K(k 


) and K(k3o) are total elliptic integrals of the first kind 
with modul 


Consequently, the permeance between the teeth is defined in the same 
way as for a uniform field: 


The total permeance between the internal faces of a system consist- 
ing n teeth therefore equals: 


(8) 
where S is the width of a side face, 


In order to determine the permeance for other systems with the teeth 
in other positions, use may be made of the relationships obtained by 
Sribner [3], which have been confirmed quite well by a more accurate 
analysis. 
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Tooth above recesses: 
for a single nucleus 
G, = 
and for the whole system 
G, = 2G; (2n —1)s. 
Half of tooth abowe half of recess: 


for a single nucleus 
G,= (26; +33) 
and for the whole system YEA 
G,= (16; + 3) ns. 


Formulae can also be written in the same way for the permeance Gy 


Tooth abowe recess: 
G, = 49 (a — I) 
s=V1—#',. 
Half of tooth abowe half of recess: 


G, =[n 4-2 (a — 1) 9 (k,,) + 
+(n— 1)? (4,,)] 


The total permeance of the system under consideration for any posi- 
tion my be defined as the sum: 


G=0,+6,+6, 


The results obtained in this paper have been confirmed experimental ly 
(see appendix III). 


Appendix I. In order to determine the permeance (per unit of length) 
of two systems of plates consisting of two upper plates of finite width 
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and two lower semi-infinite plates and one finite plate (Fig. 3), it is 
necessary to effect a conformal transformation of the half-plane ¢ on 
the rectangle AA‘’B’B in the plane z such that the following correspond- 
ence of points obtains: 
Awa, 
0— 0; 
Com 
Such a transformation can be obtained by Christophel -Schwarz’ 
integral, which in this case in expressed by the relationship 


a 


MAA 


SSSSSS SSS * 


> 
> 


Fig. 3. Analysis of permeance between plates. 


Substituting ¢=(¢/n equation (I-1) takes the form: 


dt 
z=A 
(1—#) (1 — 
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m 


The constant A is found from the condition 


zemift=<m 
and is equal to 
m 


where k (kyo) is the tota] elliptic integral of the first kind with the 
modu] us 


After performing these preliminary calculations, there is no diffi- 
culty in determining the required permeance. In fact, if the upper or 
lower system of plates is given, this implies that the co-ordinates of 
the points « and § are also given (and so are a’ and jf by virtue of 
symmetry). By virtue of the assumed correspondence of points, point a 
goes into the plane z at point A, and § at B. Consequently, it only 
remains to determine the co-ordinate point B by the expression (I-2) 
and B’ accordingly). This co-ordinate is found from the condition 


z=m+jp if 


i.e. 
(I-3) 
m 
[Ke 
K | K Gu) + 
Subst itut ing 
where 


kip. 
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it is found that the seccnd integral in em I-3 is equal to K(Kiq)+ 
Consequently, 


K (ki) 
P= 


It is easy to see that the initial upper and lower systems of plates 
in the plane : (the rectangle AA’B’B) are transformed into a simple 
system which is an ideal plane capacitor. 


(1-4) 


The permeance of such a system is: 


for the upper system 


for the lower system 


2m 
Gy Be Pp 


Substituting the value of p from eqn. I-4 in these formulae, 


K (kio) K (ky) 


Appendix II. Suppose it is required to estimate the error which 
occurs in determining permeance on the assumption that the field between 
the teeth is uniform. It is expedient to make this estimate for a 
system in which the permeance can be determined exactly and then the 
discrepancy between this exact permeance and the permeance calculated as 
for a uniform field will be maximum, Such a system is one which consists 
of two teeth (Fig. 4). In point of fact the bulging of the lines of 
force in the region between the teeth in such a system will be con- 
siderably greater than in a system consisting of a number of teeth. This 
decrease in the effect of bulging of the lines of force in systems with 
several teeth can be explained by the compressive effect of the flux 
from adjacent teeth. The permeance between the face surfaces of a 
system consisting of two teeth is defined by the formula [1]: 
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where & =F) is the modulus of the elliptic integrals in the 
equation 


m _ K(k) — E(k) 


Eqn. (II-2) can be solved graphically. It is of practical interest 
to consider cases of systems for which p > 5. This corresponds to a 
very small value of &. For small values of & em. II-2 has the follow- 
ing approximate solution: 


(11-3) 


The required error is 


where G, =r 4 is the permeance between faces calculated on the 


assumption that the field between the teeth is uniform. 


Pig. 4. ‘Two-pole systen. 


Thus, the formula for the error can be written in the form: 


s= (II-4) 
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2 2 2/r m 
2 7 (11-4 
n2—— (Fp +1) 
0.2 
0.24— 


It will be seen from expression II-4 that the error is less than 4 
per cent if p = 5, and less than 2 per cent if p = 10 and so on. 


The foregoing analysis permits the following conclusions: 


1. The face permeance is not reduced hy more than 4 per cent by 
assuming that the field in the space between the teeth is uniform. 


YEAR | 2. In calculating the permeance of the space between the recesses, 
196] . the magnitude of this permeance is not increased by more than 4 per cent 
by assuming that the lines of force are along the line BB’ (see Fig. 2) 


(i.e. assuming uniformity of the field between the teeth). 


3. The total permeance (for the recesses and teeth), can be calcu- 
lated to within 4 per cent since the error in calculating the two per- 
meances differ in sign. 


Appendix III. Suppose it is required to determine the permeance of 
a system with the following dimensions (tooth above tooth): 


b= 2 cm; ca; ca; 
s=1 ca; n= 3. 


The permeance Gy is found from formula (1), in which hiya and kia 
equal: 
8 0,1 
ky = Sin ay, 0.05 (2, = 3°, = 87°); 
H 
Ry, == sin =0,5 = 30°, = 60°). 
The values of the elliptic integrals are found tables: 


K = 1.57; K = 4.34; 
K (42) = 1.68; K = 2,16. 
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Consequently, 


4.34 2.16 
Substituting the obtained and known data in formula (1), it is found 
that: 
G, = 11. 
The permeance Gs is found from formula (8). The relationship between 


the geometric dimensions of the system q = 4 provides the modulus hoy 


bay = =0.00735, 


Consequently, 


It is also found that 


a,, = arc sin ky, = 0°25; a), == 89°35; 
K = 1.57. 


Using the calculated values of the partial elliptic integrals of the 
first kind (with ky, == sin a,,), 


0,9 
F (eas = K (tay) 57 82; 


The amplitudes of the integrals from the tables are: 
= 83°30; 94, — 86°30. 


Finally, finding 


sit 


(1. = 45°; 45°), 
it is found from the tables: 
K (843) == K = 1.85, 
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Substituting these values in formula (8) 
G, = 16. 


The permeance Gs is found from formla (2a): 
2 2 72.2 
The total permeance of the system is equal to: 
G = (11.0 + 16.5 + 5.4) p, =32.9 py. 


The experimentally determined permeance equalled G=35y,. Thus, the 
error was of the order of 6 per cent which agrees well with the esti- 
mated error. 
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JOINT SELECTION OF THE 
MOTOR CRITERIA AND THE GEAR RATIO* 


D.A. POPOV 
Noscow 
(Received 19 December 1960) 


Statement of the problem. When designing the method of starting an 
electric drive in which the rotational torque of the motor and the 
moment of resistance (load torque) of the driven device are constant, 
the following problems arise in connexion with the choice of the gear 
ratio: 


1. Given the rotational torque M and the moment of inertia J, of 
the motor and the load torque M, and the moment of inertia J, of the 
driven mechanism, it is necessary to determine that optimum gear ratio 
‘opt which will ensure the acceleration of the driven mechanism up to 
the desired speed ,, in the shortest possible time i,2,3}) 


2. Given the criteria M, and 44 of the driven mechanism, it is 
necessary to determine that optimum gear ratio which will ensure uni- 
form acceleration of the driven mechanism device to the desired speed 
® go in & specified time t, with the minimum rotational torque and 
weight of the motor [4-87]. 


3. After ensuring that these conditions are fulfilled, it is neces- 
sary to determine the optimum gear ratio which will ensure the minimum 
gross weight of the motor, the supply unit (e.g. the motor-generator 
converter of the unit), and of the gears. 


In all these cases it is assumed that the moment of inertia and 
weight of the motor are independent of its nominal] speed and definable 


by the rotational] torque of the motor a, This proposition follows from 
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the fact that the permissible torque of a motor M, under starting con- 
ditions depends mainly on the thermal] capacity of the armature, since 
the heat transfer to the surrounding medium in the process of accelera- 
tion has no appreciable effect on the heating of the motor. 


The first problem, which has no great practical importance, arises 
when checking the conditions of acceleration of the driven mechanism 
and the correctness of the choice of gear ratio for a given motor. 


In the second and third problems it is a question of selecting the 
gear ratio and the criteria of the motor together to ensure the most 
economical arrangement. These problems arise in designing all types of 
electric drive. The solution of the first problem is given by Umanskii’s 


formula [1,2] 
M, 
fopt tV TF () 


The problem of determining the optimum gear ratio for the minimum 
weight of the motor was first formulated by Geiler [4]. It has since 
been considered in a number of other papers [5-8]. However, no general 
solution is as yet available for any given type of relationship J,(M,). 
The moment of inertia of the gears is usually ignored in the solution 
of this problem, and the efficiency of the gears 1, is either ignored 
(5, 6], or else only included approximately [8]. 


In his more recent paper [3] Geiler proceeds from Umanskii’s formula 
for the solution of the second problem. 


Substituting the value ‘opt 1 from (1) in the equation of motion of 
the drive, the author obtains the expression 


nin = 22% 


a. opt’ 


a= (2) 
and t, is the specified acceleration time. 


Geiler argues that these expressions provide the solution for the 
practical problem of determining the optimum size of a motor which will 
@isure the acceleration of the driven device via the gears in the aininum 
(specified) time i.e. determined the necessary power of the motor taking 
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both quantities _- and ‘opt 1 38 variables at the same time. 


In fact, however, the real position is quite different. In the first 
place it is not clear how ‘opt l and #, (all ‘opt l and J.) can be 
found from expression (2) at the same time, since two unknown quantities 
are contained in this expression. This aspect of the problem was not 
considered by Geiler (6). 


Moreover, there is a problem of whether or not formula (2) can be 
used to select the gear ratio and the criteria of the motor simul- 
taneously, since this formula, like Umanskii’s formula, is derived on 
the assumption that /_- and J, are given constant quantities which are 
independent of the gear ratio. 


{t is of course true on logical grounds that formula (2) must be 
valid whether the optimum criteria of the drive are found by changing 
the gear ratio alone, or by changing the gear ratio and criteria of the 
motor at the same. This logical consideration is however not sufficient 
to substantiate formula (2) if WM. = f(i) = var and J, = f(i) = var; it 
only follows that the stated formula can be proved more rigorously than 
in the paper in question.(6]. 


Other papers (5,7) give a solution of the second problem for the 
special case where use is made of a series of geometrically similar 
motors with a dynamo-electric constant. Under these conditions 
J, = w5/ 3. Rozenberg [8] has considered another special case when use 
is made of motors with an identical ratio Gp?/m,. However, the fore- 
going conditions as regards Ji") often do not obtain in practice 
since this is uneconomic from the point of view of the construction of 
the motors and the utilization of expensive material. 


The foregoing methods of determining ‘opt 1 are not suitable for the 
most important practical case when there is a series of electric motors 
with different outputs (with different values of M,) for which the 
values of J, are known, In this case the relationship J(M,) is given 
graphically (plotted by points) and it is required to select the gear 
ratio and minimum weight of motor which will ensure the acceleration of 
the driven device in the specified time. 


As regards the problem of selecting the optimum gear ratio which will 
ensure the minimm total weight of the drive motor, supply unit and 
gears, nothing has as yet been published on this question. 


Criteria of the drive for the miniaua weight of aotor. For the 
joint selection of fopt 1 and #, win: 1t is taken for granted that the 
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relationship between the monent of inertia and the moment of the motor 
is given graphically. 


Ry way of example, Fig. 1 shows the relationship J") for a series 
of small electric motors (curve 1) from which it will be seen that the 
moment of inertia of the stated series increases with increasing M, to 
a degree slightly less than 5/3 (see curve 3 in Fig. 1). 


y 
mn 
J, 
50 
/ 
20 ep 
30 
D /2 | / 
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Pig. 1. Graphical determination of the gear 
ratio which corresponds to the minimum weight 
of the drive motor: 


1 - Rxperimentally-determined relationship 
J, ,) for one of the series of motors; 2 - 


auxiliary curve 3 - relationship 
JM) for one series of motors for which 
J_& 4/3 (based on a motor with #24 kg. m); 


4 - weight of motor as a function of torque. 


am, . 
In order to determine the derivative —_ use is made of the equa- 
1 
tion of motion 
(Mai = My + (3) 


where MW, = M,-+J, a; J, is the moment of inertia of the gears, in 
reference to the shaft of the drive of the driven device; and Ne is 


the efficiency of the gears. 
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Bearing in mind that the variables #,, J, and 7», are functions of 
i, and that J, is a function of #,, it is found after differentiating 


(3) that: 


dJg 


(4) 
i(« 


Since the denominator on the right-hand side of formula (4) has finite 
values for finite valuesofa and i, it follows that the condition for the 


minimum of i takes the fom 


==2al., Je- ) (5) 
s.ain ~ 
) 


It follows from formula (5) that equation (2) is only valid if 
J, = const and 74. = const, independently of the shape of the function 
J, (Ma). whether or not ”, or J, are constant, or whether they depend on 


The quantities and ‘opt can be found by the graphical 
solution of eqn. (3) if this is converted into 


Ms 


Ng 

Knowing the relationships J and the right 
and left sides of expression (6) are plotted as a function of Mm, 
on we assumption that the variable i is a known item. In this case tune 
left-hand side ¢, is a straight line at 45° to the base, and the right- 
hand side ¢. is a series of curves corresponding to different values of 


i (Pig. 2). 


The points of intersection of the curves 7 q (™,) and the line 
9 (M,) define values of #., which satisfy eqn. (6) for different 
values of i. It follows from Fig. 2 that with increasing i, the neces- 
sary moment of the motor M. continuously decreases. The maximum value 
of i, at which it is possible to ensure the acceleration of the given 
device to the desired speed in the specified time, is defined by the 
co-ordinates of the point where the straight line 9», is tangential to 
the curve ?» which corresponds to i = ‘opt 1° At large values of the 
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gear ratio, curves for ¢, do not intersect the straight line y, and 
condition (3) cannot be satisfied. 


The optimum gear ratio ‘opt } can be defined in this way for all 
values of M,, including #, = 0, provided J, #0; naturally, if J, = 0 
no optimum gear ratio is possible. 


It can be shown that the product Mi which satisfies eqn. (6), con- 
tinously increases with increasing i. 


As stated above, in order to determine ‘opt , it is necessary to 
know the relationships /.(i) and 4.(i). These relationships can easily 
be established if the division of the total transmission ratio between 
individual stages and the criteria of adjacent stages is known, 


Me win 


Pig. 2. Graphical solution of the equation of 
motion of the drive. 


1 - relationship = 2 - curves 
*2(",) for different values of i; 3 — straight 
line 


If the moment of inertia of the gears is ignored, it is mch easier 
to determine min and top. 


| 
1961 dy. 
2 
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In tuis case eq. (3) and (5) take the form: 


. My . 
Mat 


* (7) 


— 
2ai/,. 


Given the efficiency of the gears and assuming that it is constant, it 
is possible to eliminate the variable i from the set of eqn. (7): 


M, 
2 (aJ,+ a. (8) 
‘g 
This equation can be solved graphically as in rig. 1. Knowing the 
relationship JM). it is also possible to plot the relationship 
ve = f(M,). First of all the value of a which is equal to the right- 
a 
hand side of eqn. (8) is marked off along the base and using the curve 
a 
Wi (curve 2) the motor torque # 
J, 


then be found. Knowing 
&. ata and Jae the quantity ‘opt } can be found by formula (7). The 
value of "e can then determined and compared with the value adopted 
previously. 


If there is a large discrepancy between the new value of 1. and the 
old value, the calculations are repeated and no more difficul tfes arise 
owing to the simplicity of the constructions. 


However, the optimum criteria of the drive which are obtained in this 
way are not always practicable because extremely high rated rotational 
speeds of the motor may be obtained. 


It should also be stressed that the stated method of selecting the 
criteria of the electric drive from the point of view of eccuony is not 
correct. Increases in the gear ratio increase the difficulties of 
production and reduce the efficiency; a higi gear ratio involves an 
increase in power and weight of the supply unit. 


In fact, the electranagnetic power of a generator at the end of the 
acceleration of the driven mechanism equals 
Me log 
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where s = : » r, the total resistance in the circuit of the motor 

armature and generator, ‘. the armature current, E20 the e.mf. of the 

generator at the end of acceleration. 


Substituting the value Mi from (3) in (9), 


Al, 


An increase in the transmission of the gears is accompanied with 
a continuous increase in the power of the generator and the weight of 
the supply unit, since the second term on the right-hand side of formu- 
la (10) increases continuously in this case. 


It can be shown that the total expenditure of energy by the genera- 
tor in the process of accelerating the given mechanism with losses 
included for the main circuit of the generator and motor (if I, = const, 
M, = const, and M, = const) equals: 


M t 

do I+s 1@do's 

For the optimum gear ratio selected in accordance with the method 

expounded above, the power of the generator and the total expenditure 

of energy by the generator will be maximum 


2a 


sl” 


Consequently, it is not economical to chose the gear ratio merely to 
obtain the minimum weight of the drive motor. 


Minimum gross weight of the motor, supply unit and gears. It is 
advisable to select that value i = ‘opt 2 at which the gross weight of 
the motor supply unit and gears is minimum because the weight of the 
motors decreases with increasing transmission, but the weight of the 
supply unit and gears decreases with increasing gear ratio: 


G, =G, +-G, +p (14) 
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where G, is the weight of the motor, G, is the weight of the supply 
unit, and G, is the weight of the gears. 


This problem can be solved graphically if the relationships J.(M,), 
G(,), G,(P,) and G,(i) are know. ‘These relationships can be defined 
analytically or graphical ly. As stated above, the weight of the motor 
is proportional to the rotational torque #.. The weight of the supply 
unit depends upon the type of motor for the generator. In selecting 
the supply unit from its electromagnetic overload capacity, its weight 
is fixed as a function of the electrommetic power of the generator. 
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Pig. 3. Wight of drive sotor G,. supply unit 
G, and gears G, and the gross weight G, ase 
function of the gear ratio. 


In order to solve this problem, it is first necessary to determine 
the quantities ”, and P, as a function of the gear ratio, and then to 
determine the weight G,. &, and G, and the gross weight as a function 


of i. 


To do this, use is made of the results of graphical integration of 
the equation of motion of the electric drive in Fig. 2. The points of 
intersection of the curves ?_(#,) and the straight line Py corresponds 
to definite values of #, which satisfy the equation of motion. Using 
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this data it is possible to plot the relationship J) direct and then 
determine the weight of the motor as a function of i. 


Substituting the values thus found for M, and i in formula (11), the 
power of the generator is determined as a function of i. Knowing the 
relationship between the weight of the supply unit and Py it is then 
possible to plot ¢,(i). 


The weight of the gears is the sum of the weight of the gearwheels 
and the housing. Assuming that the latter is proportional to the weight 
of the gearwheels, it is possible to plot the weight of the gears as a 
function of i. 


Plotting the stated relationships and on common 
diagram (Pig. 3), the gross weight can then be plotted as a function of 
i. The required optimum value of the gear ratio i=i t2 cor responds 
to the minimum gross weight. It will be seen from Fig. 3 that the 
YEAR optimum gear ratio ‘opt 2 is considerably less than the gear ratio 
1961 ignt 1 for the minimum weight of the drive motor alone. The difference 
between ‘opt 2 and i t1 will be the greater, the greater the weight 
G, and G, compared with the weight G,. 


Cenclusions 


1. For the joint selection of the gear ratio and the criteria 
of the drive motor it is possible to minimize the weight of the 
drive motor alone, or to minimize the gross weight of the motor, 
supply unit and gears altogether. Either problem can be solved graphi- 
cally if the relationships J, and G,(P,) are known. ‘These 
relationships can be defined graphically in the general case or analy- 
tically. 


2. It is not economical to select the criteria of a drive having an 
individual supply source solely from the point of view of minimizing the 
weight of the drive motor as this leads to unduly high gear ratios, and 
excessive power and weight of the supply unit. 


In selecting the gear ratio and criteria of the drive motor, the aim 
should be to minimize the gross weight of the motor, supply unit and 
gears. This considerably reduces the transmission ratio and provides a 
much more efficient system, This approach is justified on economic 
grounds. 


Translated by 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No.7, 1961 


Leading article 


To new achievements in the development of Soviet science. 
(pp. 1-6). 


An account is given of a recent conference which was held in the 
Kremlin to discuss the future development of Soviet science. 


Development work, applied research and fundamental research was 
discussed, 


Capacitors 


Determining the initial conditions for sudden changes in 
voltages and currents. I.A. Zaitsev et al., (pp.52-55). 


A contribution is made to the determination of initial coditions 
when sudden changes occur in the currents in inductances or vol- 
tages across capacitors. Simple schemes are obtained ty analysing 
commutation behaviour which make it possible to determine the 


initial conditions for sudden changes in voltages and currents 
quickly. 


Determining the reactive power in capacitors. N.I. Nazarov 
et al, (55-59). 


It is considered that the specific dissipating surface of a capa- 
citor varies with the shape of the housing and its dimensions, For 
a given volume, the dissipating surface is maximum for a rectangu- 
lar parallelepiped with the minimum permissible width of base. 


314 Abstracts 


Control engineering 


Use of the phase plane method for studying transient 


mechanical behaviour in electric drives. L.I. Gandzha, 
(pp. 68-72). 


Phase diagrams of transient behaviour are constructed from an 


analysis of the equation of motion of the drive for the various 
possible types of load, 


The use of saturable reactors to prevent variation in the 
torque of induction motors due to transient currents, 
M.M. Sokolov, (pp. 72-75). 


An account is given of tests on electric drives with induction 
motors and saturable reactors which show that a smooth increase in 
motor torque and speed can be obtained on starting and reversing. 
The connexion of saturable reactors in the stator circuit only in- 


creases acceleration time slightly. Acceleration time depends on 
the magnetization current of the reactor. 


A frequency-controlled drive for a horizontal planing 
machine. 0D.A. Zavalishin et al., (pp. 75-79). 


It is argued that the best frequency-controlled asynchronous drive 
system for horizontal planing machines is one with a compensated 
collector generator excited on the stator side. A detailed account 
is given of a prototype system. 


Elimination of zones of insensitivity in ferromagnetic 
pick-ups and amplifiers. 8.K. Karpenko, (pp. 84-86). 


A cheap and effective way of eliminating dead bands in pick-ups and 
amplifiers with ferromagnetic cores is proposed by the use of an 
additional magnetic circuit. 


Power systems 


Zero sequence equivalent networks for transmission lines 
with different voltages. N.G. Geinin, (pp. 79-81). 


It is shown how to compile a zero sequence equivalent network which 
includes the mutual inductance between two o) several transmission 
lines when each of the nearby lines is of a different voltage. 
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Rotating mach ines 


The effect of excitation systems on the stability of large 
interconnected turbo-generators. V.M. Bobrov et al., (pp. 7-13). 


A study is made of the stability of large turbo-generators with 
different systems of excitation. The use of electrodynamic model- 
ling has made it possible to use natural excitation regulators, 


find their optimum adjustment and study electromechanical phenomena 
during transient behaviour. 


Artificial damping in large synchronous machines. 
I,D. Urusov et al., (pp. 13-18). 


Instead of increasing the flywheel mass, it is proposed to use a 
system of artificial damping to reduce the oscillation of synchronous 
machines with a pulsating load. Artificial damping is based on the 
creation of an additional electromagnetic rotational torque on the 
shaft by introducing additional periodic currents in the rotor 

YEAR circuits. The theory of the method is given along with test results. 

196] 

, Analysis of dynamic stability with the effect of damper 
windings, speed governors and excitation included. 
K.I. Bogatev, (pp. 31-34). 


A refinement to the method of successive intervals is proposed which 
makes it possible to include the effect of damper windings, speed 
govemors and excitation when an analytical estimate of dynamic 
stability is required for synchronous altermators. 


Experimental determination of the m.na.f. of the armature 
commutation reaction in d.c. machines. V.A. Lifanov, 
(pp. 81-84). 


A method is proposed which dispenses with calculated data in the 


determination of the mm.f. of the armature commutation reaction by 
a Hall e.m.f. transducer. 


Traction 


Reduction of wheel-spin on electric locomotives. 
BP. Petrov, (pp. 35-41). 


A study is made of the factors affecting high adhesion factors for 
electric locomotives. Recommendations are made for automatically 
stopping wheel spin. 


Trans formers 


Problems of voltage regulation in auto-transformers. 
A.G. Kraiz, (pp. 41-48). 


A method is described for comparing different systems of voltage 
regulation for large auto-transformers using the typical power of 
auto-transformers. A refined method of analysis is proposed for 
the system of regulation in the neutral of the auto-transformer. It 
can be used to specify the limits of regulation with over- or under- 
excitation. A short description is given of a new 220 kV auto- 
transformer with built-in apparatus for regulating the vol tage. 


Voltage stabilizers 


Ferroresonant voltage stabilizers using magnetic material 
with a rectangular characteristic. D.I. Bogdanov, (pp. 48-51). 


A theoretical study is made of the phenomena associated with the 
operation under load of ferroresonant voltage stabilizers in which 
the saturable core is made of cold-rolled steel or magnetic alloy 
with a high coefficient of rectangularity. 
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THE PROBLEMS OF DEVELOPING 
NEW SMALL AND F.H.P. MOTORS* 


N.P. ERMOLIN 
(Lenin Eléctrical Engineering Institute, Leningrad) 


(Received 26 January 1961) 


The development of industry, transport, agriculture and the in- 
creasing standards of living have considerably extended the demand for 
small and f.h.p.,d.c. and a.c. motors. 


The purposes which such equipment has to serve are extremely diverse, 
covering automatic control, traction, cable and wireless, instrumenta- 
tion, agriculture and domestric appliances such as clocks, cinematograph 


equipment etc, 


The production of small and f.h.p. motors is now a special branch of 
electrical engineering whether or not the motors are for special 
purposes or of general design. The increasing output of various kinds 
of motor for industry and consumption goods is increasingly demanding 
more and more material. Whereas, for example, the production of large 
machines requires about 2 to 3 kg of active and constructional material 
per 1 kW, small and f.h.p. motors require on average about 50 g per 1 W. 


In order to use electrical energy efficiently and economize in 
ferrous and non-ferrous metal, special attention has to be paid to the 
starting and operating characteristics of the motors and the utiliza- 
tion of material. 


In this paper an attempt is made to classify the problems which have 
to be solved in this field into those which are common to all classes 
of machine up to several hundred watt, and those which refer specially 
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to particular types. 
Amongst the general problems, we have: 


(a) the development of new types of d.c. and a.c. motor and the 
improvement of existing models; 


(b) the reduction in size and weight without affecting heating con- 
ditions and starting and operating characteristics; 


(c) the reduction in mechanical inertia of the executive a.c. and 
d.c, control motors for small servo systems and reversible equipment; 


(d) the use of new magnetic materials and alloys, winding conductors, 
heat-resistant insulation, vamishes and lubricants in order to improve 
efficiency and reliability and develop small machines capable of 
operating at high temperatures; 


(e) the improvement in production technology, including the auto- Yes 


mation of stamping, winding, assembly and other time-consuming opera- 
tions; 


(f) the review of existing State Standards and the development of 
new ones for individual classes of machine and test methods. 


It is well known that the design of small and f.h.p. motors is very 
diverse and that there is no standard method of connecting the 
motor to the executive device or instrument. Quite often the motor is 
organically commected with the load device so that the motor no longer 
retains its original design features. This often occurs in special 
equipment and domestic appliances. On the other hand, the design of 
the motor does not always satisfy requirements and needs to be brought 
up to date. 


Furthermore, there is an increasing demand in all fields of appli- 
cation for motors of essentially new design with improved characteris- 
tics as regards weight, size, mechanical inertia and efficiency etc. A 
good illustration is the small d.c. motor with a printed armature wind- 
ing. But there are also other opportunities for improvement based on 
new materials, combined winding circuits, modified mgnetic systems etc. 


Perhaps the most important problem in this field is the reduction in 
size ind weight. As we have seen, the specific consumption of active 
and constructional material per unit of output is roughly 20 times 
greater in small and f.h.p. machines than in large mchines. A reduc- 
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tion in weight would therefore result in a considerable national saving 
in ferrous and non-ferrous metal. 


The weight of a machine can be reduced by reducing its size, and this 
in tur can be done by altering its construction, improving the ventila- 
tion and using new magnetic and constructional material. But, as is 
known, the size of a machine affects its starting and operating charac- 
teristics and its heating capacity. Yet the heating capacity of a 
model can also depend considerably on the conditions of heat transfer at 
the point where it is installed. In this respect the weight of the 
motor is linked mainly with the method of securing the housing of the 
motor to the load equipment, the type of material used for this gear 
and its surface area for heat transfer. Unlike medium and large elec- 
trical machines, this is a very important factor as regards the heating 
of small and f.h.p. motors. 


At the present time a variety of different fixtures are used to 
secure small and f.h.p. motors to the test stands, namely, special 
metal “squares”, columns with clamps, and other rigs mounted on metal 
plates. 


Test experience shows, for instance, that if a motor is secured by 
flanges to metal squares, the heating of the motor will vary with the 
surface area of these squares even with a constant load. Before standard 
test conditions can be established, it is first necessary to find the 
best fixtures for securing the test machines. In this respect the 
important problem is to determine in what limits the ratio of the sur- 
face area of the test fixture to that of the machine can be left to 
vary safely. 


The solution of this problem would make the thermal] analysis of a 
number of small non-ventilated electrical machines more exact in the 
project stage and would help to minimize their size for given outputs 
and speeds. This is one of the most effective ways of reducing the 
weight of the small machine, 


The problem of reducing the mechanical inertia of small control 
motors is also an important one from the point of view of improving the 
the accuracy of sml]] servo systems and reversible gear in performance. 


It is well known that accurate performance from high-speed automatic 
systems depends to a considerable extent on the mechanical inertia of 
the rotor of the executive motor and that of the other rotating elements 
in the system. The less the electromechanical time constant of such 
systems, the more accurate is the performance and the faster the res- 
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ponse, Since the rotor moment of inertia of a small motor is propor- 
tional to the product of the fourth power of its diameter and the first 
power of the packet length (i.e. the length of the stack of stampings), 
it follows that the best method is to reduce the diameter as far as 
possible and accordingly lengthen the rotor to retain the same volume, 


In order to improve the efficiency and reliability of small special 
electrical machines, extensive use should be made of new mametic 
materials, alloys, heat-resistant winding conductors, insulating 
material, varnishes, enamels, bearing lubricants and wiring systems. 


This is specially important for smal] heat-resistant motors capable 
of operating celiably at temperatures of up to 250°C. However, existing 
winding conductors and insulation do not as yet satisfy these require- 
ments sufficiently and the maximum operating temperature is still at 
180°C. The position is the same with the other material listed above. 


It would be of great value to pay more attention to mechanization and 
automation of staaping, winding, assembly and other time-consuming opera- 
tions in order to reduce the cost and increase the output of small and 
f.h.p. machines. Insufficient attention is at present being paid to 
these matters in industry and “special organizations” engaged on the 
production of these machines. 


Finally, another general problem is the revision of existing State 
Standards and the development of new ones for particular classes of 
machine and test methods. The existing standards in the U.S.S.R. only 
cover certain types of machine, e.g. GOST 6435-52 “Electrical motors of 
5 to 600 W", GOST 8212-56 “Three-phase asynchronous motors from 10 to 
600 W", GOST 6117-54 “Electrical d.c. generators for automobiles” , and 
so on. These standards naturally refer to the level of technique as it 
was at the date of publication, and it is important to keep them up to 
date and publish new ones as required. Special importance attaches to 
the question of test methods, and the details involved in the experi- 
mental determination of motor parameters. 


Besides the enumerated general problems, there are a large number of 
particular problems in motors for special purposes. Here the most 
pressing are: 

(a) the improvement of commtation in small d.c. generators and 
motors under reversing conditions with a reversing frequency of up to 5 
to 10 c/s; 


(b) greater accuracy in the performance and output criteria of rotat- 
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ing transformers, selsyns and tachogenerators; 


fc) the refinement of design methods for small machines with 
permanent magnets, hysteresis motors and various reactive motors; 


(d) the development of bearings for sustained operation without 
additional lubrication; 


(e) the abatement of noise; 
(f) the improvement of motors for domestic appliances. 


The solution of each of these problems would be of great value in 
improving the quality of smal] special purpose machines. 


Thus, a need to improve the commtation of small d.c. generators and 
motors‘arises when they are operating as motors and generators in 
certain special purpose plants. In such plants an executive motor 
usually has to operate with a relatively large flywheel mass on the 
shaft under reversing conditions with a reversing frequency of up to 5 
to 10 c/s. Under these conditions the motor and generator are prac- 
tically continually affected by transient phenomena so that current 
commutation is very seriously affected. Appropriate means have still 


to be developed to improve the commutation, since the use of compoles 
for this purpose in small machines is made difficult hy the lack of 
space to accommodate them, 


In order to improve the operational accuracy of computer systems, 
radar scanning systems, small servo systems and other automatic devices, 
it is necessary to improve the output parameters of rotating transfor- 
mers, selsyns and a.c. and d.c, tachogenerators which are widely used in 
the stated equipment. Althoug modern sine-cosine rotating transformers 
very accurately reproduce a sinusoidal relationship between the output 
voltage and angle of rotation of the rotor, they are still not always 
adequate fer the increasing demands which are continually being made 
upon them, 


As regards the design of small machines with permanent magnets, 
hysteresis motors and various reactive motors, it should be pointed out 
that. the existing analytical methods are largely approximate and empiri- 
cal and the results which they produce often diverge notably from test 
data. Much theoretical and experimental work needs to be done to refine 
these methods. 


One of the most important constructional components in small high- 
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speed motors for gyroscope and grinding (polishing) equipment etc, is 
the bearings which to a large extent determine the reliability of these 
motors. Since the speed of motors can reach several tens of thousands 
of revolutions per minute, new types of bearing need to be developed as 
conventional bearings are inadequate for the purpose. 


As regards motors. for domestic appliances, the problem is to find 
the most efficient type of wotor for each particular appliance and 
improve its performance, reliability and life. 


In conclusion it should be pointed out that the solution of these 
general and special problems depends on the efforts of many specialists, 
industrial enterprises, design offices, research organizations, and 
educational establishments engaged on the design, production, testing 
and use of these machines and everything should be done to extend 
research and development in this field and make the results as widely 
known as possible. ‘ 


Translated by O.M. Blunn 
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THE MEASUREMENT OF LARGE TRANSIENT 
CURRENTS FOR SWITCIGEAR* 


V.D. LIASHENKO 
(Lenin Electrical Pngineering Institute) 


(Received 3 October 1960) 


In short-circuit current tests on switchgear it is necessary to 
measure large transient currents which sometimes reach several hundred 
thousand amperes. Shunts or current transformers and electromagnetic 
oscillograph vibrators are usually used for this purpose. 


This position is not satisfactory for on the one hand the test 
current may contain a constant component and the current transformers 
will considerably distort the secondary current curve owing to the in- 
tense magnetization of the steel. However, tests in the switchgear 
laboratory of the Lenin Electrical Engineering Institute have showm 
that satisfactory measurements can be taken by current transformers at 
double and treble overloads. On the other hand, shunts have the dis- 
advantage that an involuntary delay occurs at the point where the shunt 
is connected. It is therefore desirable to find a method of measure- 
ment which combines the best features of shunts and current transform- 
ers. Such a method has now been evolved by using air-cored current 
transformers. 


An air-cored current transformer is a toroidal coil through which a 
live conductor is passed. At the ends of the winding an e.m.f. is 
induced which is proportional to the current derivative. If this e.m.f. 
is integrated, a voltage is obtained which is proportional to the 
current to be measured. Integration is performed by an AC circuit in 
the proposed method. The necessary resistance R is possessed ty the 


* Elektrichestvo, 8, 46-50, 1961. 
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winding itself of the air-cored transformer coil and it is therefore 
made from a conductor with a large resistance. This construction of 
the coil has the advantage that the voltage is uniformly distributed 
over the turns on load. This simplifies the insulation of the con- 
nexions and considerably widens the range of currents that can be 
measured ty one coil. The integration will be more accurate, the great- 
er the integration constant T = AC and the smaller the current in the 
toroidal winding. The magnitude of A is therefore made large and that 
of the voltage on the integrating capacitance small. The capacitor 
voltage is measured ty a special d.c. valve amplifier. 


Thus, three elements are required for the proposed system: 
1. a toroidal coil with a high impedance winding; 


2. a d.c. amplifier with an integrating capacitance at the input; 


3. an electromagmetic oscillograph vibrator. 
YE/ 


For sinusoidal current, the amplitude of the e.m.f. at the ends of 
the toroidal coil is: 


U,== Me/,, 


where # is the mutual inductance of the toroidal winding and live con- 
ductor, mH, » the angular frequency of the current, and J, the amplitude 
of the current to be measured. 


The voltage at the input to the amplifier after integration is found 
quite accurately at large values of T from the expression 


If the gain of the amplifier is S,, then the current at the output of 
the amplifier is 


The quantity S,a/T@ ', is the transformation coefficient of the 
measuring circuit; if J is measured in kA, # i: mi, T in sec and S, in 
@A per volt, then to is obtained in mA, 


The error in seasurenent. We will now consider the error in measure- 
ments of the current by an air-cored current transformer. ‘The degree of 


i,=S, 
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accuracy will depend on the accuracy with which the current derivative 
is obtained, the accuracy of integration and the performance of the 
amplifier (linearity of characteristics for d.c. and a.c.). 


The first and third conditions are satisfied if the toroidal coil 
and amplifier are right. Good characteristics (1 per cent accuracy in 
measurement) can be obtained for this equipment without any special 
difficulty under laboratory conditions. A description of the Institute’s 
toroid and amplifier will be given below. 


The second condition can be satisfied within definite limits (toler- 
ances). The equivalent circuit of an air-cored current transformer is 
shown in Fig. 1. 


The differential equation in the capacitor voltage U. will be: 


de + fC + = (1) 


The charge current iy of the capacitance C is neglected in comparison 
with the magnitude of the magnetization current tye The short-circuit 
current may contain periodic and aperiodic components. The transforma- 
tion of these components will be considered separately. 


Pig. 1. Equivalent circuit of air-cored transformer. 


The syaaetrical component of the test current varies according to the 
law 


i=/, sin (ot 4- 9). (2) 


4 == M/,@ cos (wf 9). (3) 
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hen considered with (3), the solution of eqn. (1) will be 


U, 1, cos |sin (ot 9) 

-wcos(p — +-(k, sin(y-- 
-w cos — 9)] 


where 
! 
ol — 
? ~are = : j = 
(we ) 
Suppose we put YEA 
=T, 
and 
RC Te. 


then at the low values of L and y which must be maintained in the tests, 


2 
Accordingly, eqn. (4) can be transformed into 


t 
— sin(y — Te 


Comparing (5) and (2), expressions can be obtained for the error in 
transformation of sinusoidal current: 


— cos(p 9) X (5) 
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1. In the steady state: 
the amplitude error is 


Bog cusp) (6) 


and the angular error 


2. Under transient conditions: 
the amplitude error is 


(7) 
YEAR 
196] and the angular error 
ol) 
— [rad |. (8) 


The minus sign and subscript 1 refer to odd half-periods, and the plus 
sign and subscript 2 to even half-periods. 


The following assumptions were made in this analysis: 
T, sing >tang = ¢, cose = 1. 


Thus, in this case the error in measurement depends on the frequency 
w, of the current, the inductance of the current transformer and the 
integration time constant T, = RC, 


The aperiodic component of the short-circuit current is expressed by 
the equation 


i= (9) 


In considering the error in transformation of the aperiodic current 


oT, 
ale (rad). 
Pep = (oT, or, ) 
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it is not possible to include the inductance L of the toroidal winding 


since @->( and as a rule « rC. Ban. (1) then takes the form 


The solution in U, will be 


t 

It follows from expression (11) that the aperiodic component of the 

capacitor voltage é.. will decay more quickly than in the primary 

current and may even change sign. The error in measurement will depend 

on the ratio é= T,/T,, i.e. on the time constant of the measuring 

circuit and the attenuation time constant of the aperiodic component. 

YEAI 
The error in measurement will be maximum at the instant the capaci- 196 

tor voltage U, passes through zero. This instant is defined ty the time 


(12) 


The maximum error in the measurement of the aperiodic component is found 
from the expression 


(13) 


The conclusion therefore can be drawn that the error in measuring by 
an air-cored transformer will depend on the frequency of the current to 
be measured. The size of the error at high frequencies will largely be 
determined ty the inductance time constant of the secondary circuit 


= , and at low frequencies (or aperiodic currents) by the capa- 


citance time constant of the secondary circuit 
= RC. 


Given 5 per cent permissible error in the transformation of aperiodic 
currents which decay with atime constant T, = 0.05 sec, it is found from 
expression (13) that ™* RC =1 sec. In practice this condition is 
satisfied and T, is about 1 to 24 sec. In this case an amplitude error 


dite M 
tte T, Ta, (10) 
° ag 
y= 
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of 5 per cent for sinusoidal currents from expression (7) will be at a 
frequency of the order of 4 kc/s. For the fundamental harmonic 50 c/s 
this error will be about 80 times less. 


It therefore follows that an air-cored current transformer is suit- 
able for measuring non-sinusoidal currents which combine in a series of 
the type 


i==/, sin (wt 9,) +-/, sin (3»¢ +- 9,) 
+ J, sin(Set +-9,)+... 


However, the angular error increases with increasing frequency of 
the measured current. Ignoring the effect of — in the expression 
c 


for Py in (8), the angular error can be calculated ty the formula 
3 
of, 


or, if Py is expressed in degrees, the permissible time constant 7, 
can be calculated from the angular error by the formula 


where ¢ is the permissible angular error and f the frequency of the 
current c/s. 


Thus, for a test current at 1000 c/s with 5 el degrees permissible 
angular distortion of the measurements, the time constant T, must equal 
9 » sec, 


Design of the air-cored current transformer. The air-cored current 
transformer must satisfy two main requirements, namely, it must be in- 
sensitive to external magnetic fields and changes in position of the 
current conductor inside the transformer coil. Since the magnetic per- 
meance of the main flux and the leakage fields are the same in air-cored 
coils, it therefore follows that these conditions will be satisfied by 
an ideal toroid with an infinitesimal turn area and an infinitely large 
number of turns. 


According to the law of total current, the following equation will 
hold for such a toroid 


§ Hdl =0, 
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if there are no live conductors inside the toroid. But if there are 
such conductors inside the toroid, then 


where # is the vector of field intensity and | the length of the closed 
contour (toroid). 


The flux over the internal section of the toroid for a toroidal coil 
of external radius Rost and internal radius Rint with "2 rectangular 
turns of height A is 


The mutual inductance of the toroid with the primary winding will be 
defined by the expression 


The mitual inductance in mH, referred to one tum of the primary 
current, is the min characteristic of a toroid. Another important 
characteristic affecting the accuracy of the measurements in the in- 
tegration of the derivative is the inductance of the toroid: 


The inductance 1 increases the degree of error and it must therefore 
be small. 


The toroid can be made practically insensitive to external magnetic 
fields if the width of the tum is less than 0.1 of the mean radius and 
if there are not more than 30 turns per 1 cm of the mean length of the 
circumference. The winding must be of two-layer design to obtain a 
large e.m. f. 


The Institute’s workshop has turned out air-cored transformers with 
the following rating: 


Rated voltage - 12 kV. 


Dimension of bakelite former for winding toroid: &,,; = 120 m, 
= 124 mm, = 178 om. 
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Number of winding layers — 2 (continuous, compact). 
Winding conductor — enamelled nichrome, 0.15 m. 
Total resistance of winding — R = 160 kQ. 

Mutual inductance = 19. 5H. 

Inductance of toroid - 1 = 150 mil. 

Time constant - 7, = 2 «sec. 


The method of winding the toroid is illustrated in Fig. 2(a). A 
photograph of the transformer is given in Pig. 3. 


In order to compensate the effect of external transverse fields, a 
reverse turn of sheet aluminium foil is continued at the beginning of 
the winding of each layer. The internal layer of foil also serves as 
an electrostatic screen between the live conductor and the winding. 
The transformer is covered by a dural shell. 


Tests on this toroid have shown that an e.m.f. of 6.25 V is induced 
at the ends of the winding for a conductor carrying a current of 1 kA 
at 50 c/s; changes in the position of the live conductor in the coil 
did not alter the result. 


3 


Pig. 2. Winding system of current transformer: 
1 - beginning of first layer of foil; 2 - end 
of first layer of winding; 23 ~— beginning of 
second layer of foil; 4 - end of second layer 
of winding; 5 - first layer of aluminium foil; 
6 - first layer of winding; 7 - second layer 
of aluminium foil; 8-second layer of winding. 


When a live conductor was placed outside the coil, the maximum 
registered e.m.f. (for various positions and distances) was 35 mV/kA, 
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i.e. less than 0.5 per cent of the measured quantity. 


The connexion of such a toroid to a capacitance of 6F provides 
integration of the induced e.m.f. with a time constant 


Te = RC = 160-10°-6-10-*=0.96 sec. 


In accordance with the above formulae the error in measurement will 
be within 5 per cent for the symmetrical component at a frequency above 
4 kc/s and for an aperiodic component decaying with a time constant 
less than 0.05 sec. 


In order to take oscillograph recordings of the transient current, 
use should be made of a d.c. amplifier with a gain S, = 130 mA/V, which 
ensures a current in the vibrator circuit with a primary current of 
1 kA 


i, = 130 2.25 
This makes it possible to take satisfactory recordings at currents over 


10 kA. 


Owing to the use of a high resistance conductor for the toroid, the 
upper limit to the currents which can be measured is set ty the current 
capacity of the min bus in the “window” of the transformer. The 
transformer has been used to measure transient currents up to 200 kA. 


Pig. 3. Air-cored current transformer with cas- 
ing. 


Pig. 4 shows an oscillogram of a current of 116 kA in dynamic sta- 
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bility tests on a circuit breaker. The oscillogram was taken by means 
of an air-cored current transformer. For purposes of comparison, the 
same diagram also shows an oscillogram of the current obtained from a 
conventional 5000/5 A current transformer on the high-voltage side of 
the 6.6/0.25 kV supply transformer, where the current during the test 
amounted to 116 x 0.25/6.6 = 4.8 kA, i.e. kept within nominal limits. 
Comparison of the curves on the primary and secondary side shows that 
the measurements were identical as regards both the symmetrical and 
aperiodic components of the test current. In order to confirm the anti- 
cipated degree of error in the measurements, tests were carried out 
with an air-cored current transformer together with an a.c. shunt, but 
no difference was discovered in the recordings outside the limits of 
accuracy of the oscillograph. 


Aaplifier. In order that the constant component of the current 
should be transmitted with the minimum distortion for measuring the 
voltage on the integrating capacitance, use was made of a two-stage d.c. 
balanced amplifier with a low-impedance output. 


A 6N9-type double triode with current stabilization was used in the 
first stage. Current stabilization was provided ty a saturated pentode 
with automatic bias. The anode supply came from four stabilizers with 
a voltage +210-255 V relative to the body. The maximum amplification 
factor of the first stage was 40. 


A 6N5-type double triode was used in the second stage (the power 
amplifier) also on the balanced system with cathode load. The anode 
supply was from a separate rectifier. For a direct link with the first 
stage, use was made of a voltage “tributary” of + 105 V from the stabi- 
livolts of the anode rectifier in the first stage. 


[= 16. 5*2V2 kA 
Gurrent through> Air-cored trans former 
, breaker /\ / b25N/ka 


VAY TPOF type current 
transformer 5000/5 


it 


Current on primary 
side of step-down Tore™4 om 
trans former 
6.6/0. 25 kV 


Fig. 4. Current oscillogram obtained by air-cored 
current transformer. 


The characteristic of the d.c. amplifier was linear at output currents 
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between 0 and 65 mA, i.e. the maximum input voltage at maximum ampli- 
fication must not be above 0.5 V. If the amplification is reduced by a 
factor of 10, the input voltage must be increased to 5 V. In order to 
linearize the frequency characteristic of the amplifier use was made of 
a system of capacitance correction using negative feedback from the 
first stage. The frequency characteristic of the amplifier was linear 
at frequencies between 0 and 20 kc/s. 


Air-cored current 
trans former 


RD-16 cable 


Screen 


secondary winding, 
r=150kQ 
Calibration 
voltage 
Pig. 5. Calibration system for air-cored current 
transformer. 


Por calibration of the air-cored transformer, a special alternating 
voltage source was provided with tappings of 110, 300, 450 and 600 V 
together with a voltmeter which was also used as a null indicator for 
the d.c. output. Since the internal impedance of an air-cored trans- 
former is large, resort to the circuit shown in Fig. 5 to introduce the 
calibration voltage into the secondary winding circuit was made. This system 
prevents the capacitance or the connecting conductors affecting the in- 
tegrating circuit on calibration of the measuring circuit. If a cali- 
bration voltage of 50 c/s is switched on, the curve at the output of 
the amplifier is recorded on the electromagnetic oscillograph. The 
scale is found ty the formula 


2.825 


m= 


where U, is the calibration voltage, V; 
™ is the mutual inductance of the air-cored transformer, mi; 
2! is the amplitude envelope of the sine curve on the oscillogran. 


The amplifier displayed a high degree of stability in operation. 
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Zero drift after a 10-min period of heating did not exceed 1 mA/hr. 


Conclusions. Large transient currents can be successfully measured 
ty integrating the current derivative. 


2. The practical realization of the elements of the test equipment 
(the toroidal coil and amplifier) presents no great difficulty. 


3. The turns of the toroidal coil must not exceed one tenth of the 
mean radius of the toroid in width, there must be about 30 turns per 
“running” centimetre of the winding circumference, and the toroidal coil 
must be made from a high impedance conductor so that the time constant 
of the coil L/R does not exceed 10psec. 


4. The integration time constant must not be less than 1 sec. 


5. A simple d.c. amplifier can be used, preferably of the balanced 
type, with a gain S, = 100 to 200 mA/V. Such an amplifier is stable in 
operation and has only a slight zero drift. 


Translated by O.M. Blunn 
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A TWO MOTOR MACHINE-VALVE STAGE WITH 
SEMICONDUCTOR RECTIFIERS* 


(Moscow Power Institute) 


(Received 21 January 1961) 


A good method of speed control for large plants of up to 10,000 kW or 
more in high-speed drives of 5000 to 7500 rev/min with a ventilator load 
is to use slip-ring motors in series. 


Owing to the difficulties in constructing large high-speed slip-ring 
motors of about 3000 rev/min, it is expedient to use two smller motors 
in place of one large motor. The increase in nominal speed leads to a 
saving in weight and cost of the motor and gearing. Thus, for example, 
use may be mde of ATMF-2500-2, 2500 k¥~ 3000 rev/min and ATWF- 3700-2, 
3700 kW~ 3000 rev/min slip-ring induction motors for the drives of 
centrifugal compressors of 7000 kW for gas mains (two motors to each 
plant). 


In this paper a stage system is proposed (Fig. 1) in which the slip 
energy is converted by semiconductor (silicon or germanium) rectifiers 
(diodes) and then passed into the network. 


The rectifiers are connected in two series-connected bridge systems. 
For the inverter group use is made of a constant speed unit consisting 
of a d.c. motor (DC) and a synchronous generator (S¥). 


The shafts of the two asynchronous drive motors (1AM and 2AM) are 
rigidly connected to each other by couplings and to the working plant 
by a system of gears. The rotors of the asynchronous motors are shifted 
® el. deg. relative to each other. 


* Elektrichestvo, 8, 50-%, 1961. 
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Figs. 2 and 3 show oscillograms of the rectified voltages with and 
without such rotor displacement (9 = 0 and §= 3 el. deg.). If 9 =0, 
the pulsations of the variable component of the rectified voltages of 
the two bridges Vay and Uae coincide in phase and as a result of their 
addition the variable component of the total voltage Uy varies with the 
with the same frequency but twice the amplitude (Fig. 2). 


Ug 


Fig. 1. Main circuit of two-motor mechine-valve 
stage: 
Test equipment: 1AM and 2AM — AK-61-6 type in- 
duction motors 7 kW, 220/380 V, 940 rev/min, cos 
= 0.79, = 175 V, Tonom = 26 A; DCM 
d.c, motor type PN-45, 5.2 kW, 115 V, 45.2 A, 
a * 2000 rev/min; SM - synchronous generator 
type SGS-4.5 kW, 230 V, 11.3 A, 1500 rev/min, 
COB F nom = 0-8; 1-6 R — switches; VK-25 type 
silicon rectifiers, 25 A, ULev = 150 V. 


If § = 30e1. deg. the pulsations of the variable component U,, and 
Uj. are shifted in phase in such a way that the maximum of Vay corres- 
ponds to the minimum of Yao" This leads to a decrease in the amplitude 
of the variable component of the total rectified voltage U, and a 


doubling of its frequency of pulsation (Fig. 3). 


Analysis of the proposed system has shown that the two series- 
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connected rectifier bridges operate independently in the given range 
of loads. 


6-0 Ug 
Mat 


* 


Ug2 
t 
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Pig. 2. Oscillogram of rectified voltages at 


el. deg 
ly =0 
U 
t 


Qo2 


Fig. 3. Oscillogram of rectified voltag «= at 
0= 30 el. deg. 


An analogous system with one drive motor having two rotor windings 
shifted 30 el. deg. and six slip-rings was put forward by corresponding 
member of the U.S.S.R. Academy of Science D.A. Zavalishin. 


A two motor machine-valve stage 


The system is started by switching on the switch 1R in the stator 
circuits of the asynchronous motors with the rotor cross-connector 
closed. Given rotor shift through an angle 4, the rotor current is 
defined by the expression 


— cos" 


— , 
r + I 


\ 


where I} is the modulus of the current in the rotor of each motor, 
referred to the stator; 


Uy is the phase voltage of the stator; 


ry and r> are the phase resistance of the stator and the referred phase 
resistance of the rotor; 


radd is half the additional resistance in the rotor circuits, 
referred to the stator winding; 


*y and «5 are the phase inductive reactance of the stator and the 
referred phase inductive reactance of the rotor; 


i U,/E; is the ratio of the voltage to the e.m.f. of the motor at 
synchronous speed; 


s is the motor slip. 


The current consumed by the stator of each motor is defined as the 
vector sum of the no-load current and the referred rotor current of the 
corresponding motor. 


Since the angles between the current vectors I’, and the correspond- 
ing e.m.f. of each motor are not the same, it follows that the motors 
will develop different torques 


Mil+q) 
= | (Il — cos 9) — ssin§]; 
s Ser qs Ss 
Ser q 


M,= (1 — cos 6) + ssin' 
s Ser Sor 


cr 


where Mor is the “critical” (pull-out) torque of the asynchronous 
motor in the normal system; 
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the critical slip; and 
V i+ (x, 
q= == 
The total torque of the two-motor drive on starting will be: 
2M, + g) 
M= or. (1 — cos 9). (5) 
, 
+2 


Analysis of formula (5) shows that the initial torque of the drive 
on starting for § = 30 el. deg. attains 13.4 per cent of the initial 
starting moment of one motor. 


8A 
| 


Pig. 4. Oscillograsm of the starting of the two-motor drive. 


When the starting torque is insufficient (starting on full load), 
provision may be made for shifting the rotor shafts through an angle 
8 = 90 el. deg. In this case all the fundamental propositions in this 
paper remain valid. 


Pig. 4 shows an oscillogram of the currents on starting for 4 = 30 
el. deg. 


By switching on switch 27 voltage is supplied to the stator of the 
synchronous machine and the constant speed unit accelerates to syndiro- 
nous speed, after which excitation is applied to the d.c. motor. Vol- 
tage is supplied to the rectifiers when the asynchronous motors reach 


the steady state speed. 


Regulation of the excitetion current of the d.c. motor mikes it 
possible to equate the voltages of the rectified circuit on the d.c. 
motor side as well as on the side of the rectifiers. After this, 
switch GA is switched on in the rectified current circuit. At this 
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the starting of the plant is finished. 


Speed is controlled within wide limits by varying the excitation 
current of the d.c. motor. 


Given the arbitrary slip s of two identical asynchronous motors and 
steady state operating conditions, the relationship between the voltage 
at the terminals of the d.c. motor and the rectified current will be 
(Fig. 5): 


U,=2 [2 Y2™ sin — 


where U, is the voltage at the terminals of the d.c. motor; 
E.o is the rotor phase voltage of the asynchronous motor at rest; 
YEAR” I, is the mean value of the rectified current; 
1961 a - 3 the number of rotor phases; 


4 is the equivalent phase reactance of the asynchronous motor 
referred to the rotor circuit; 


ra is the equivalent phase resistance of the asynchronous motor 
referred to the rotor circuit; 


s is the slip; 
Ae is the voltage drop in one arm of the bridge. 


The voltage U, at the terminals of the d.c. motor will be: 
U,=E,+1,(r,+ B), (7) 
where Ey is the e.m.f. of the d.c. motor due to the main excitation 


flux; 


mz 
mid 


fy 


Pig. 5. Equivalent circuit. 
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Ms is the armature resistance of the d.c. motor; 


B is a compounding factor having the dimension of resistance. 


As a special case # = 0 for a d.c. motor with independent excitation 
and expression (7) takes the form: 


U,=E, (7a) 


Substituting the expression for Uy from (7a) in (6): 


2 E aro’ +2r,)—2e|— (8) 


where =2Y2 is the rectified voltage of the rotor 
with the motor stationary and the rectified circuit open (47 0). 


It follows from expression (8) that variation of Ey when the stage 
is operating at steady state speed leads to variation of the current Ty 
of the rectified circuit and, consequently, to variation of the torque 
# of the asynchronous motors. 


If Ey increases, then ly and therefore decrease and the drive 
begins to slow down. The retardation will continue until equilibrium 
is attained in the rectified current circuit in accordance with equation 


(8). 


In this case a definite current I, is established along with a cor- 
responding rotational torque 4. The motors will rotate at less speed 
than before and at this lower speed the load torque will be balanced 
by the rotational torque of the motors. The system of increasing the 
speed is controlled in a similar way. 


The relationship between the torque of the asynchronous motors and 
the rectified circuit current Ty is defined by the expression: 


M=2 | — (9) 
/ 


where 9 is the synchronous angular velocity of the rotor. 


It is possible to find the appropriate values of J, and for given 
values of s with Ey variable by formulae (8) and (9). 
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Curves n = f(M) can be plotted from this data for £, = const. Other 
such curves can be found for the drive for different excitation currents 
of the d.c. motor and a family of curves is obtained. Fig. 6 shows a 
family of these curves obtained experimentally. 


The initial slip corresponding to the ideal no-load speed of the 
drive when operating on the given n = f(#) curve can be found from 
expression (8). Provided that I, = 0, then 


24¢1— Fa =: (10) 
h 
whence E, + 
(11) 


It follows from expression (11) that with an increase of 
effected by regulating the excitation current of the d.c. motor, a re- 
duction in the ideal no-load speed of the drive is achieved and the 
n = {(M) curves thereby lowered. 


It should be mentioned that the slip 9 from equation (11) corres- 
ponds to the condition when the n = f(M) curves of the drive are straight 
lines over their operating part. In fact at low loads the shape of the 
curves changes (Fig. 6) owing to the interruption of the current and 
the initial slip will be less than the calculated figure. 


The maximum torque of the drive for the various d.c. motor excitation 
currents is of the same value equal to the maximum torques of the two 
drive motors in operation on “natural” n = f(M) curves. 


The critical slip of an “artificial” (equivalent) curve for the two- 
motor drive is found by the formula: 


where s er isthe critical slipof the two-motor drive onnatural curves; 


y and 6 are relative values of the d.c. motor armature resistance 
and the compounding factor referred to the stator circuit. 


As a special case 8 = 0 for a d.c. motor with independent excitation 
and expression (12) accordingly takes the form: 


Sor ==({ -+- p) V 2s,, (13) 
r 
(14) 
m 


where k . is the coefficient of transformation fromthe stator to the rotor. 


YEA 
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In determining Sor (the artificial curve critical slip) from 
formulae (12) and (13) the effect of overlap of the rectifier anodes 
was ignored. Unlike that obtained by calculation, the critical slip 
will in fact be slightly greater as has been confirmed by tests. 


Curve 1 in Fig. 6 represents the fundamental n = f(#) curve of the 
stage when the d.c. motor excitation current is zero. In this case the 
initial slip is defined by the sum of the d.c. motor e.m.f. FE, from 
residual megnetism and the voltage drop 4 Ae in the rectifiers: 


Ea, 


(15) 
“Lard 


Curve 4 in Fig. 6 corresponds to the rated excitation current of the 
d.c. motor. Curves 2 and 3 refer to intermediate values of the excit» 
tion current. 


In order to increase the speed of the drive and thereby widen the 
range of control and increase the utility of the drive, it is necessary 
to reverse the polarity of the d.c. motor excitation circuit. In this 
case the excitation current changes sign and at a certain value the 
e.mf. Ey, of residual magnetism will be compensated. The formula for 
the initial slip takes the form: 


4he 
= (16) 


These are the conditions to which curve 5 in Fig. 6 refers. 


With a further increase in the negative value of the d.c. motor 
excitation current a moment occurs when each rectifier transmits a 
current in the same direction during a complete period. The explanation 
is that a negative potential is applied to the common cathodes of the 
three rectifiers in each bridge and the magnitude of this potential 
exceeds the negative potential of the anodes of two rectifiers (the 
anode of the third rectifier has a positive potential at this moment) 
Likewise, a positive potential is applied to the common anodes of the 
other three rectifiers in each bridge and the megnitude of this posi- 
tive potential exceeds the positive potential of the cathodes of two 
rectifiers. As a result shorting takes place through the rectifiers 
of the three phases of the rotor windings of the asynchronous 
motors. 


Asynchronous motors which are connected in stages are independent of 
it on their natural n = f(M) curves. 
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The d.c. motor operates as a generator. Its comparatively small 
e.m.f. fully covers the voltage drop in the rectified current circuit. 
The magnitude of the current in the rectified circuit remains constant 
during load variations and depends on the d.c. motor excitation current. 
The synchronous machine operates as a motor consuming energy from the 
mains and drives the d.c. motor. 


Under these conditions 


(17) 


Sy =0. (18) 


In this case the n = f(M) curve of the stage corresponds with the 
natural curve 6 of a two-motor drive, which is the sum of the natural 
n = {(M#) curves of the two individual motors (7 and 8). 


The range of speed control can be widened by about 4 to 5 per cent 
by reversing the polarity and applying negative excitation to the d.c. 
motor. 


Curve 9 in Fig. 6 represents the torque-speed curve for a ventilator 
load, The intersection of curve 9 with curves 6 and 4 defines the 
limits of speed control. 


A comparatively low range of speed control was obtained on the test 
equipment (from 100 to 74 per cent). But under real conditions the 
range of speed control can be widened considerably by selecting the 
parameters of the electrical equipment in the stage appropriately. 


The rating of the proposed machine in the stage under consideration 
is defined by the product of the maximum current (at maximum speed of 
the drive) times the mximum voltage (at minimum speed of the drive). 

In large plants with ventilator loads it is therefore advisable to use 
two d.c. wachines, switching them from parallel connexion to series con- 
nexion. This permits a substantial reduction in the rating of the d.c. 
machines. For example, for speed contro] of the drive from 100 to 50 
per cent, the use of two d.c. machines with such switching roughly 
halves the rating of these machines (approximately 25 per cent of the 
established power of the drive motors instead of about 50 per cent with- 
out switching). 


The rating of the synchronous machine is equal to the square root of 


YEA 
196 
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the squares of the active and reactive power. 


407 


The active power is 


defined as the maximum value of the regenerative active power, which is 
no more than about 15 per cent of the established power of the drive 
motors for the drive of gear with a ventilator load. The reactive 

power of the synchronous machine depends on the need to compensate the 
reactive power of the electric drive, i.e. the need to improve its power 


factor. 


The expediency of using asynchronous slip-ring motors in stages to 
regulate the speed of mechanisms with a ventilator load has been con- 
firmed by comparing the technical and economic indices of the proposed 
system with those of a system with rheostat control. 


The comparison was made for a 6300 kW compressor on the basis of the 
annual consumption graph at the Ukrgiprogaz gas works. 


Tables 1 and 2 refer to the rheostat control system. 


TABLE 1 
No. of |Rotation-| Useful Total Power Effi- Utilized pen- 
hr al power on power consumed ei energy, diture 
worked in| speed, shaft, loss, from net- — mill, of elec- 
year % kW kW work, kW kWhr trical 
enerry, 
mill, 
kWAr 
2.160 100 6.430 240 6.670 9.5 13.9 14.4 
1. 464 92.5 5.060 570 5.630 89.8 7.41 8.25 
1,464 85 3.970 845 4.815 82.5 5. 81 71.05 
2.184 77.5 3.020 1.015 4.035 74.7 6.60 8. 82 
1.488 70 2.250 1.680 3. 330 67.2 3. 34 4.95 
TABLE 2 
Cost of min| Cost of | Deprecia- | Repair Cost of | Capital | Operating 
electrical | erection, | tion, Cy costs | electrical | outlay costs 
equipment, r. 1000 Crep. energy Cout1, 1. 
Ceq, 1000 roubles 1060 C,. 1000 1000 1 
1000 roubles; roubles roubles roubles roubles roubles 
51.6 5.16 5.16 1. 55 351 %.76 357. 71 


Total electricity consumption was 43.47 million kW/hr per annua. 
Annual losses amounted to 6.41 million kW¥/hr, leaving 37.06 million 
kW/hr usefully used. The mean annual efficiency was 85.2 per cent. 
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The cost of the main equipment was as follows: motor 6500 k¥, 
approx. 1500 rev/min — 41.0 thousand rubles; control resistors and the 
“magnetic station” (contactors) - 3.5 thousand rubles; “KRU” chambers 
(compact bus, breaker and switchboard cubicles) - 0.5 thousand roubles; 
static capacitors (232 items) — 6.6 thousand rubles. 


The number of static capacitors depended on the need to ensure cos 
~ = 0.92. The cost of 1 k¥/hr of electrical energy was taken as 0.8 


kopecs. 


Cor? Cons “a + “rep “er: 


out! 


Here the subscripts refer to various items of cost C, namely, er — erec- 
tion, eq — equipment, rep - repairs, out 1 — capital outlay on first 
system, op 1 — operating costs, d depreciation, and « — electricity. 


Tables 3 and 4 refer to the same system but with rheostat control 
replaced ty the two-motor machine-valve stage with semiconductor recti- 
fiers. 


TABLE 3 
hr worked |tional | power on nang consumed clen~ | energy, cal 

year % kW kW work, kW kW/br mill, 

kW/nr 

2,160 100 6,430 430 6, 860 93.6 13.90 14.82 
1, 464 92.5 5, 060 420 5,480 92.4 7.41 8. 02 
1, 464 85 3,970 405 4,375 90.7 5. 81 6.41 
2.184 71.5 3,020 390 3, 410 88.5 6.60 7.45 
1, 488 70 2,250 375 2,625 85.7 3.34 3.90 


The useful electricity was the same as with rheostat control, but 
the actual consumption was 40.60 million kW/ir, i.e. 2.87 million kW/hr 
less, and the mean annual efficiency was 91.1 per cent. It should be 
pointed out that the total power loss at maximum (rated) speed can be 
reduced to 240 kW (the rated loss of asynchronous motors) by discon- 
necting the stage when the motors are operating on the natural na = /(#) 
curve. 


Cop Cy = 0.1C,,; = 0.03C,,; 
» YE 


YEAR 
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TABLE 4 
— 
ma Cost of | cost o Cost of | Capital | Operat 
elec- | erection | building elec- | outlay, 
trical Cer, |for extra Cre trical Cout Cop2. 
ip- a roubles 10d0 rey i606 
roubles roubles | roubles 
1600 1600 ° roubles | 1060 
roubles roubles roubles 
16.8 11.5 5.0 7.68 2.32 325 93.3 335 


To determine the cost of the drive motors it was assumed that the 
power of the two drive motors was the same and equal to 3500 kW. The 
cost of the main equipment Coq includes all the mchines and electrical 
gear in the drive system: 


Coy Cy Cre, = 0. 
Cout2 = Cer Cone = “a + “rep + 


where the subscripts are the same, except that “2” refers to the two- 
motor system and 6 to the extra cost of altering the buildings. 


The time taken for the prime cost of the twin-motor system to be 
recovered out of reduced running costs can be found from the expression 


opi ~ Copa 357.71 — 335 
The use of two drive motors instead of one large motor in the 
proposed system has the following advantages: 


(a) the weight of the motors and gearing is reduced and rated speed 
increased; 


(b) the motors can be started without a starter rheostat since if the 
rotors are electrically displaced by § = 30°, a balancing e.m.f. arises 
in the circuit of the rotors and the starting torque is sufficient to 
accelerate the motor up to full speed (for no-load starting); in this 
case the change in current is below the maximum. 


(c) smooth curves can be obtained for the rectified current and vol- 
tage since in this case there is 12-phase rectification. There is no 
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further need of a smoothing choke in the plant. 


The use of semiconductor rectifiers in place of mercury arc recti- 


fiers allows a considerable reduction in the loss of electrical energy, 
i.e. increases the efficiency of the plant, and reduces its dimensions. 


1. 
2. 


4. 
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196] In some cases in the design of electrical machines it is necessary 


to determine the shape of curves for the e.m.f. induced in the indi- 
vidual windings, sections or conductors with the greatest possible 
accuracy. Above all, this is the case with heavy duty d.c. machines 
(especially with complex multi-path armture windings), synchronous 
machines with strictly sinusoidal voltage curves inductor machines, 
and electromagnetic stepping devices etc. It may also be necessary to 
determine the shape of the e.m.f. curves for the analysis of secondary 
phenomena and behaviour in machines, e.g. commutation, balancing 
currents, additional losses etc. 


a rigorous analytical approach to the problem is as a rule impossible 
owing to the compiex configuration of the magnetic systems (beak shaped 
poles, stator and rotor teeth), whilst approximate methods tend to be 
too rough or too cumbersome. This puts a premium on finding other 
methods of investigation. It should be pointed out that the e.m.f. of 
sections, coil groups and whole windings can easily be found if the 

_@.m.f, in the individual winding conductors aie known, Thus, the prob- 
lem of investigating the e.m.f. in systems of conductors can always be 
reduced to the determination of the e.m.f. in the individual conductors. 


The shape of the curve for the e.m.f. in an armature conductor of 
an electrical machine can always be found quite easily, provided no 
tooth configuration is present, if the distribution of the normal com- 
ponent of the magnetic induction vector B, is known over the surface of 


* Elektrichestvo, 8, 62-66, 1961. 


412 E.M.F. induced in electrical mchines 


rotation of the conductor. 


No re-distribution of the magnetic field occurs on rotation of the 
rotor owing to the smoothness of the surface and it can therefore be 
seen from the formula which holds in this case 


e==B le (1) 


that if the conductor intersects the lines of magnetic induction at a 
constant speed, then the shape of the e.m.f. curve will coincide in 
shape with that for the distribution B, over the surface under con- 
sideration (rotor or stator, depending on where the conductor is placed). 


The picture is quite different if the surface is not smooth. A re- 
distribution of the magnetic field takes place inside the gap if teeth 
are present, i.e. the shape of the curve for the distribution of B, 
changes as a function of the position of the rotor and owing to the 
continuous re-distribution of the lines of induction on rotation of the 
rotor, the velocity v in formula (1) cannot be regarded as constant. 


It is therefore rather a question of the resemblance of the two 
curves and not their identity. 


The effect of the different factors on the shape of the e.m.f. curve 
can be investigated on an actual machine, but it is hardly practicable 
owing to the cost and difficulty of obtaining the various different 
versions of the machine which are required. This is an insurmountable 
difficulty in the case of some mchines which are to be re-designed. 

The electrolytic tank method which is described in this paper is some- 
times the only way that the shape of the e.m.f. curve can be determined. 


The intensity of the induced electrical field can be described by 
the expression 


E—— (2) 


where A is the vector potential of the magnetic field. 


If the magnetic field on the active length of the machine is regard- 
ed as two-dimensional, then instead of equation (2) 


dA 
(3) 
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where ¢« is the e.m.f. in the conductor, |! is the active length of the 
conductor in the slot, and A " the component of the vector potential of 
the magnetic field along the : axis of the machine. 


The vector potential is defined by all the currents of the machine. 
Variation with time may take place if the conductor under investigation 
is moved relative to the magnetic field (during time dt the conductor 
moves from the point with the potential A to a point with the potential 
A + dA) and if a change takes place in the currents in the machine 
windings (in this case the quantity A varies with time at the point in 
question). 


No special difficulties are involved in modelling for the second 
case. Attention will therefore be paid to the first case on the assump- 
tion that the currents are constant. In this case an e.m.f. only arises 
in the conductors due to their movement in the magnetic field. 


It is assumed that the rotation of the rotor takes place with a 
constant angular velocity . Then 


v0 =- or — (4) 


where v is the speed of the conductor at a distance r from the axis of 
rotation, w==2nm the angular velocity of rotation of the rotor and 
da the angie of rotation of the rotor during time dt. 


From expressions (3) and (4) 


dA 
e==— | (5) 


The principles underlying direct investigation of e.m.f. by modelling 
in an electrolytic tank follow from formula (5). 


In order to model the e.m.f., it is sufficient to model the field 
of the vector potential A, and imitate the motion of the rotor relative 
to the stator. 


For the current field in a conducting medium 
div8=-0, rotE—0. 
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If we put 
+84, 


where 2,=-y7E is the density of the current in the electrolyte and 3° 
the density of the current from the supply source, we can then write: 
— div 3’= div 3.=p 
and if 
E=— gradU, (6) 


we then finally have 
div grad U = —— or div 5 grad U = — p; 


where p is the volume density of the current introduced into the bath 
from an extraneous source (the supply source). 


Using the identity div B = 0, equivalent to the identity B = rot A, 
the following set of equations for the magnetic field 


divB=0, B=wH, 
simplifies to the form 
rot rot A= »8, 


For a plane field in a Cartesian system of co-ordinates 


div grad A, =~ pt, or div grad A= —8,, (7) 


z 


Using the sameness of expressions (6) and (7), it can be asserted if 
the equality of the boundary conditions is observed (geometric simi- 
larity and correspondence of the medium with the magnetic permeability 
m and electrical conductance p ) that the distribution of the elec- 
trical potential in the bath will be analogous to the distribution of 
the vector potential in the machine. In this case, the lines of equal 
potential U = const in the model will coincide with the lines of in- 
duction in the machine. 


YEAR 
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This can be seen from a comparison of the expressions 


ou au 


E —— gradU= - 


0A, 
B= rot = - 


The vector E is transverse to the lines U = const and the vector B 
is transverse to the vector E. Consequently, the vector B is tangen- 
tial to the equipotential lines. Thus, the modelling of the field of 
vector A can be reduced to the construction of a geometrically similar 
model where the regions with different » correspond to regions with 
proportional values of ». Here the eddy zone (6 #0) is modelled by 
a geometrically similar zone where the current is introduced from an 
external source. The magnitude of the current in the model must here 
be proportional to the current in the original. 


The motion of the rotor in the bath can be simulated by successive 
rotation of the rotor model through the angle Aa about its axis. On 
rotation of the rotor a finite increment in the angle 12 corresponds 
to a finite increment in the potential AU and, consequently, 44_=- 
== cMU also. Thus, we finally have for determining the e.m.f. by 
mode ll ing 


Quantitative values of the e.m.f. can be obtained if we know the value 

of c. This can be found in the following way. Suppose we put A= cl, 
Y= =¢,@ and consider that for a homogen- 
eous medium 


eu 
Ox, * oy; 


pp. (9) 


Then for equation (7) (also in the case of a homogeneous medium) 


oA, 0A, 
+55 
Ox oy; 


416 E.M.P. induced-in electrical mchines 


i.e. 


ej 
Thus, in accordance with equation (9), we get 


The similarity coefficients are defined by the modelling conditions, 
namely, 9 by the modelling scale, fs from the correspondence of the 
currents and « 4 from the correspondence of the media. Knowledge of 
the coefficient of correspondence ¢, ensures that quantitative data 
are not only obtainea ror calcuiating the e.m.f., but also for finding 
the distribution of the fluxes in the “window” of the machine, the 
coefficient of self-induction, the magnetic permeance ind so mm. 


or 
7|\ 


Pig. 1. Test equipment: 
1 -tank; 2 -electrolyte; 3 - model of 
stator; 4 - model of rotor; 5 — current 
leads; 6 ~ probe; 7 - measuring circuit. 
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For example, in order to determine the flux in some circuit, 
= j Adi = -- A,) = (U, — U,), (10) 


where U, and Us are the potentials of the conductors or imaginary lines 
along dia the conductors of length ly are arranged. The total flux 
coupling can be found from the formula 


Yo, -¥ Yu- U'). (11) 


If it is a question af determining the flux coupling of the coil pro- 
ducing the magnetic field in question, then U; are the potentials of 
the incaning current leads, and ut the potentials of the outgoing 
current leads which imitate the currents in the turns of the coil. The 
flux coupling of mutual induction can be fownd in a similar way but 

U; and us are taken as points where the sides of the turns of the other 
coi] are disposed. In such conditions the coefficients L and M can 
easily be defined as 


The test equipment for investigating the e.m.f. (Fig. 1) is essen- 
tially the same as Tetelbaum’s for investigating the potential distri- 
bution in a conducting medium [1]. But certain undersirable phenomena 
may occur on movement of the model of the rotor in the tank. The 
electrolyte may penetrate underneath the model of the rotor. This 
sharply distorts the nature >f the field distribution in the zone with 
teeth since this is the most likely place for the electrolyte to flow. 
In a conventional fixed model this phenomenon can be avoided quite 
easily be greasing the slit by a non-conducting substance such as 
vaseline. Experience has, however, show that a layer of vaseline 
between the rotor and the bottom of the tank does not guarantee that 
the electrolyte will be kept out. It is therefore proposed to solve 
the problem by a special construction of the model. In this construc- 
tion (Pig. 2b) the rotor is permanently fixed on a sheet which is free 
to slide alone the bottom of the tank. Between the moving sheet and 
the bottom of the tank it is necessary to have a layer of vaseline in 
order to keep out the electrolyte and reduce friction. The face of the 
moving sheet is also covered with a layer of vaseline and slides along 
the face of the fixed sheet of the same thickness on which the model of 
the stator is secured, This method of construction in practice pre- 
cludes the penetration of electrolyte underneath the model of the 
rotor. 
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Another difficulty of a purely constructional nature is the need to 
ensure very exact rotation of the rotor by the given angle Aa. Since 
the potential varies sharply in the zone of the gaps, inaccurate rota- 
tion can lead to considerable errors in determining the potential dif- 
ferences. In this respect it is advisable to measure the linear dis- 
placement of the rotor and not the angle of rotation Aa. This can be 
measured by a micrometer. 


among 
b) 


Pig. 2. Alternative versions of test equipment: 
1 - bottom of tank; 2? - model of stator; 

3 - model of rotor; 4 - layer of vaseline; 

5 - base of stator model; 6 - base of rotor 


Pig. 3. Drawing of model: 
1 - model of stator mgnetic system; ? - model 
of rotor; 3 - model of compole; 4 - current 
leads modelling the compole winding; 5 - re- 
sistances. 
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If these precautionary measures are taken quite stable and accurate 
results can be obtained, 


To illustrate the use of the proposed method, suppose it is required 
to determine the shape of the curve for the commutating e.m.f. induced 
by the compole field in a conductor which is set in an armature slot of 
ad.c. machine, 


1961 | a) 


Fig. 4. Arrangement of measuring conductors (a); e.m.f. 
induced by compole field in conductor 1 (b) and conduc- 
tor 2 (c). 


The measurements are taken on a model whose dimensions fully corres- 
pond with the dimensions of a real 118 kW, 440 V, 1000 rev/min machine 
(type GM-282) operating as a motor. The model is drawn in Fig. 3. The 
tank dimensions are 700 x 400 x 100 mm? so that it can contain a life- 
Size model of about one quarter of the circumference of the machine. 
The model itself is made of organic glass 30 m thick. A pointer 
micrometer was used to measure the rotor travel (with calibration 0,01 
mm). 


Parallel with the investigations in the tank, oscillograms were 
taken of the e.m.f. induced by the field of the compoles in special 
measuring conductors laid on the rotor of the GM-282 machine. The 
position of these conductors is illustrated in Fig. 4a, one being on a 
wedge along the slot, and the other on top of the tooth. Oscillograms 
of the e.m.f. in the conductors are shown in Fig. 4b, c. The e.m.f. in 
the first conductor (the curve in Fig. 4b) can be regarded as the com- 
mutating e.m.f. induced in the conductors of the sections covered by 
the brushes. 


The curve for the commutating e.m.f. obtained by oscillograph re- 
cordings is compared with that obtained by tank measurements in Fig. 5a 
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and b. It will be seen from this diagram that quite satisfactory agree- 
ment is obtained. The slight discrepancy between them can be explained 
by the slight difference between the dimensions of the model and those 
of the original, the residual magnetization of the main poles, present 
in the machine, but absent in the model (Fig. 4b,c), and the saturation 
of the peaks of the pole tips. 


YEA 


Fig. 5. Comparison of curves obtained by oscil- 196 
lograph (continuous line) and by modelling in 
tank (broken line). 


b) 
Pig. 6. Distribution of the normi component 
of induction under compole in modelling. 


In addition, the shape of the curve for the e.m.f. which would be 
induced in a conductor laid up the middle of the rotor tooth was also 
determined on the model, i.e. the corresponding curve to that in 


Pig. 4c was determined. The comparison of these curves in Fig. 5b also 
reveals good agreement. 


It is worthwhile mentioning, however, that the curves for the dis- 
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tribution of the component of the magnetic induction in the gap at a 
distance of 1 mm from the surface of the rotor as determined by the 
model in the tank for two rotor positions, differ considerably in shape 
from those for the e.m.f.’s induced in the conductors 2 and 1 on ro- 
tat ion. 


It can be seen from the foregoing example that the proposed method 
is a comparatively easy and quick way of finding the rotational e.m. f. 
in quite complicated conditions and that the results are acceptably 
accurate. No difficulties arise in principle in applying the method to 
more complicated cases than that of the excitation of a single compole, 
which was only used by way of illustration. 


Conc lusions 


1. The proposed method of determining the shape of the curves for 
the rotational e.m.f.’s in electrical machines by modelling in an 
electrolytic tank is a comparatively easy way of investigating compli- 
cated magnetic circuits and current distributions in electrical ma- 
chines. 


2. The test equipment which has been evolved provides quite stable 
and accurate results. 


3. Good agreement was obtained between actual oscillograms and tank- 
determined curves. 


4. The test equipment can also be used for determining all the other 
parameters of the megnetic field in a machine: induction, magnetic 


fluxes, flux coupling, inductances, mutual inductances and so on. 


Translated by O.M. Blunn 
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Couputers 


Electronic simulation of electrical circuits, 
V.G. Vasil’ev et al., (pp 41-45). 


Certain aspects of the simulation of R, L, and C circuits are 
considered on the basis of a simple example. The rules of the 
“dual circuit” method of analysis are formulated. An electrical 
circuit with one voltage source is simulated without forming equa- 
tions for the circuit or the model. A minimum of amplifiers and 19€ 
integrating elements is required. 


Regulation of the excitation of two synchronous sachines 
operating in parallel, G.V. Mikhnevich et al., (pp. 31-35). 


An analogue computer method is proposed for determining the optimum 
structure of the control signals with respect to their derivatives 
and assessing their effect on a coefficient of regulation for the 
excitation of two synchronous machines operating in parallel. The 
results for generators at the Stalingrad hydro-electric station 
are given ty way of illustration. 


Centrol engineering 


The motor drive of a reversible cold rolling mill, 
I.M. Tolmach et al., (pp. 79-81). 


An account is given of the motor drive which has been installed on 
a four-roll mill for low and medium carbon steel strip up to 300 
mm wide with reduction from 3 to 0.2 m in pu to nine passes. The 
drive features the use of e.m.f. and current regulators to main- 
tain rolling tension. 
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Measuring amplifiers for centralized automatic control 
systems, R.R. Kharchenko et al., (pp. 7-13). 


Attention is concentrated on those d.c. measuring amplifiers which 
are used to convert the signals of pick-ups in group data-processing 
circuits. The authors review six types of system covering the conm- 
bined transmission of the amplified signal without a device for 
correcting zero, drift, and wideband amplifiers with a device for 
correcting zero drift. 


Electrical steel 


The properties of 1 mm cold-rolled electrical steel, 
A.I. Beliakov et al., (pp. 82-83). 


A short account is given of the properties of the 1 mm gauge cold- 
rolled grain-oriented steel for the poles of d.c. electrical m- 


chines now being produced in Novosibirsk. 
YEAR 


1961. 
Insulation 


Interdependence of the physical properties of organic and 
inorganic polymers, N.I. Vorob’ev et al., (pp. 76-78). 


To simplify the problem of investigating the large number of 
polymers which are available, the author takes the magnitude of the 
inter-molecular forces as the main criterion defining the physical 
properties of many polymer substances. 


The dielectric permeability and tangent of the loss angle 
for paper dielectrics, §S.K. Medvedev, (pp. 66-72). 


Formulae are produced for calculating «, tan 6 and other charac- 
teristics of paper on the basis of the actual structure of the 
paper on the assumption that the relative thickness of the cellu- 
lose in the space between the layers varies between 0 and 1 accord- 
ing to a certain law. The pores are assumed to be in series in 
each individual volume of cellulose. 


Power systens 


Determining optinus operating conditions for power sys- 
tems, V.M. Gornshtein, (pp. 19-24). 


A study is made of common errors which are said to be made in the 
economic analysis of power system analysis. 


Abstracts 


Tuned power transmission systems, V.K. Shchertakov (pp. 25-30). 


It is stated that theory and laboratory investigations indicate 
that half-wave tuned transmission lines of 2000 and 2500 km can 
ensure high steady state stability and relative voltage stability 
at line ends. The author disputes the reasons which have been 

given for not using this system and advocates its use on the grounds 
of efficiency and the possibility of intermediate off-take of power 
along the line. 


Retating machines 


Turbo-generators of large unit capacity, V.V. Titov, 
(pp. 1-4). 


A short account is given of the work which has been done at the 

Electrosila works in the U.S.S.R. on the development of 300 and 500 

MW turbo-generators. The new 300 MW generators are described and 

it is stated that 500 MW generators can be mde on the same prin- YEA 
ciples when the demand arises. Extremely high efficiency is claimed 196 
and it is an interesting paper. Unfortunately, this account does 

not explain how the efficiency is achieved or how it is calculated 

and some of the min features have their counterpart in recent 

American, Swiss and British innovations. 


New 100 kW amplidynes, B.P. Tokarev et al., (pp. 14-18). 


Two new types of anplidyne are to be produced in the U.S.S.R., 
namely, three-stage amplidynes with a longitudinal field, and 
multi-pole amplidynes with a transverse field (four and eight poles) 
with increased magnetization of the winding along the transverse 
axis or with additional poles along the longitudinal and transverse 
axes. The equipment is compared and the respective merits assessed, 


A new orinciple of obtaining constant advance times in 
automatic syachronizers, N.N. Vostroknutov e¢t al., (pp.35-40). 


In this article the synchronizers are defined as devices which 
select the angle of lead and stop action if the amount of slip is 
too large. A new approach to the design of the time advance ele- 
ments of such synchronizers is proposed in which the angle of lead 
is directly converted into a proportional d.c. voltage. This 
provides the possibility of twice-differentiating this voltage, as 
required for considering acceleration of slip. A detailed account 
is given of a device for the exact synchronization of generators. 
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1961 
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Calculation of the steady state errors in speed governors 
for d.c. motors, 5S.S. Roizen, (pp. 56-62). 


Two fundamental methods of speed control for d.c. motors are con- 
sidered with a view to determining the accuracy with which speed 
governors operate in the automatically controlled drives of rolling 
mills and lathes etc. Formulae are produced for calculating the 
degree of error under steady state conditions. 


The leader stage of a spark discharge, V.P. Larionov, 
(pp. 72-76). 


The author develops the notion of a leader stage in spark discharges 
in long air-gaps Which precedes the main discharge and forms a 
leader channel between the electrodes. The mean longitudinal po- 
tential gradients in the leader channel are determined along with 
the conductance of the leader channel, the concentration of the 
electrons and the time necessary for the formation of the leader 
channel. 


Translated by O.M. Blunn 


A METHOD OF DETERMINING THE 
MAIN CRITERIA OF TRACTION MACHINES FOR 
MINIMUM WEIGHT PER UNIT OF OUTPUT* 


N.A. BOLDOV 
(Moscow Power Institute) 


(Received 9 January 1961) 


A reduction in the weight of traction machines per unit of output 
allows a considerable increase in the power of electric locomotives for 
a given weight and speed or, other things being equal, permits a sub- 
stantial saving in metal in the construction of locomotives and coaches 
etc. 


This paper describes a method of determining the optimum criteria of 
traction machines and considers the fundamental relationships involved. 
Improved formulae will be given, including an initial approximate 
formulae for the weight of electronic machines. This particular formulae 
is the outcome of investigations w \Y.. Yegorov and the author in the 
department of electrical transport at the Moscow Power Institute. 


The dimensions and weight of traction machines. A comparison of the 
dimensional and weight indices of 35 different d.c. and a.c. traction 


motors and traction generators has indicated tne following empirical 
formula: 


62 
Di 1, |tons}, (1) 


where G is the weight of the motor or generator; 


* Elektrichestvo, 9, 17-21, 1991. 
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p is the number of pole pairs; 
D, — the diameter of the armature, a; 
* - the length of the armature, a. 


Formula (1) gives fairly exact results for traction motors and 
generators, including old machines as well as the latest foreign and 
soviet models (Fig. 1). 


It follows from (1) that it is expedient to maximize the number of 
poles in order to reduce weight. But the number of poles is restricted 
by the permissible voltage between adjacent brush holders. 


If gy = 2C V and D,/D, = 0.8, then 


D 
Poax = 6.3 (2) 
where Veax is the maximum voltage, kV. 
Substituting (2) in (1), 
Goin 10D nex (3) 


The limit to which it is advisable to reduce the maximum voltage 
depends on the room for manoeuvre in placing the brush holders. Ex- 
perience with the construction of single phase commutator motors shows 
that 


pin 9.12 n. 
Using the condition 


D, 0,12 0.15 


max. k 0.8 


the maximum possible number of pole pairs is limited on constructional 
grounds te: 


Puax« '0D,. (4) 
Substituting (4) in (i), 


6.2D,!, [tons). (5) 
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Here the maximum voltage must nui exceed the quantity obtained by 
comparison of (2) and (4), I.e. 


0,67 kv. 


‘wax’ win 


Calculated cutputs of traction aachines. The electromagnetic power 
of a wachine is given by the expression: 


a,B,A 
oyigu 


(6) 
where D, and {, are expressed in ca. 


Scbstituting the expression for speed 


n (7) 


in formula (6): 


aK 
DI. (8) 


10* aa 
where a, and /. are expressed in metres (m). 

For nuon-controlled machines the maximum sustained output can be 
obteined for the given dimensions of the armature if the appropriate 


maiigun permissible sustained values of the quantities are substituted 
in (8). 


The coefficient of D, ', in (3) can be simplified to 


eax wax max kW (9) 
niv* w2 


The power defined by the formula 
Pi= we), 
may be known as the theoretical (volume) power of the aachine. 


A wide range of control is typical of traction machines. Thus, for 
traction generators > U,, and for motors 
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Putting x. for the coefficient of regulation: 


(a) if and ees for generators: 
fed 
(b) if » = const for traction motors 
Nog 


The nominal sustained power of the machines is leas than the theor 
etical power ly the factor 4_: 


YEAR ‘ 


As shown above, the dimensions of machines are determined by the 
theoretical power. In reference to the desired sustained power, the 
dimensions can be found from 10 and 10(a): 


(11) 
For traction generators 
U le 
(12) 
for traction motors 
Dil = wax 
aa 96705 » "per (13) 


she between nachine wcight and the desired criteria, 
Substituting (12) and (13) in (1): 


& 
G,= 62 [tons |; (14) 
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[tons |. (15) 


The following canclusions can be drawn from (14) and (15): 
(a) It is necessary to avoid unwarranted control limits. 


(b) It is necessary to make the machines with the maximum possible 
frequency. Increases in armature diameter should be accompanied by a 
proportional increase in the number of poles so as to maintain the 
maximum frequency unchanged. 


(c) Maximum peripheral speed is the most “worthwhile” criterion; it 
must be made as large eas possible in each case (an increase in power 
and efficiency without additiona! material). 

The weight of machines per unit of output. Here it is sufficient to 
divide (i) ty (10) and (10a): 


62 9, Unas ke 
Cc. Pp i (14a) 
62 dD, wax : 10? kc 
Pesce Cc. kW (15a) 
Maxiaus rotational speed of a aachine. For generators: 
max 
= aD, (16) 
for motors 
n v 
ed K, ri, max 
The optiaua transmission ratio of traction motors: 
De’. max 
==3.6 (18) 
opt D,” wax 


If = m/sec and D, = 1.05 a. 
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The most “efficient” frequency of a machine. It will be seen from 
(I4a) and (15a) that the weight per unit of output is proportional to 
the ratio D,/p. By (7) and the expression for frequency 


n 
[= (19) 
this ratio equals 
—, 0 
ni (20) 


Substituting (14a)' and (15a) 4n expressions (9) and (20): 


(a) for a generator 


G 62.10° Umax | 
196] 
| (b) for a motor 
a, By Aj Use kW |. (22) 


The greatest frequency is the most “efficient” frequency from the 
point of view of weight indices. 


Refinement of the formulae in Table 1 for the criterion of commuta- 
tion. The practicability of electric machines can be checked in the 
first instance by V.T. Kas’ ianov’s criteria for non-controlled genera- 
tors: 


(a) the permissible inter-lamellea voltage (that between the con- 
mutator segments): 


400 to 1 700) D, | uw |; (23) 


(b) the permissible values of ", and A 


434 


TABLE 
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Fundamental forsulae and coefficients 


Pormula 
and t 
ist version 2nd version 
a, | 0.67 0,7 
| ins | 106.108 
A 500 600 
| 70 m/sec | 700 s/sec 
YEA 
Poor | J, [kw | 9 
Gene 
(Malad 7500 10009 
P 10D, 10D, 
0.63 kV 0.63 
0.62 063 
220.;-—- 
6.2D.1, } 6.2D,1, | tons | 
( O.83K_ 0.62K. | | 
Po r 
1.24KU 0.98K_U 
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(c) the intensity of commutation: 


_ 250 to 450 
= 


2, (25) 


[m 
Criteria (23) and (24) are taken into account in finding the value 
of C, and or Criteria (25) restricts the length of the machine 


armature depending on the conditions of ccousutation. 


Substituting in (25) the expression for speed 


60u,, _ 60-70 4200 | 
then by definition 
. 240 to 450 
YEAR 0.18 to 0.336 (%) 


196] 

This criterion will now be reconsidered on the basis vf one of the 
latest traction generators which is made hy the Elektrotiozhmash trac- 
tion works and has auite satisfactory commutation (GP-304 type machine, 
P—=1350 kW, Di=0.99, 1 ==0.44, A=505, n 850 rev/min). In 
this case 


240 to 450 


9 
0. 99-850 = 0.290 toU,050 


Thus, the criterion is only satisfied for the upper limit with good 
commu ta tion. 


In the following it is proposed to take typical characteristics of 
this generator as the criteria of conmutations: 


Df n= 0.99-0.44 850 370, (27) 
If ¥, a, = 70 m/sec, the following quantity corresponds to this 
criterion: 
_ 3700 
7209 = 0-28 a. 


Another still more general criterion is 


= 10*=const. (28) 
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The formula for traction generators in the light of the limitations 
imposed by (28) has the form: 


=D 
Avs mas ——— }. 


If v 


TO a/sec, A==500 and Cc, = 7500, then 


7 500. i0* 
= = 2 1400, [ 


and if == 70 n/sec, A= 600 and C, = 104, 


Including the special features of traction motors, these formulae 
take the form 


If » 


7 70 2/sec, A = 500 and C, = 7500: 


or if = 70 m/sec, 


K 
Formulae 30(a) and 3U(b) provide (1) the limiting outputs of traction 
motors in reference to the diameter of the wheel and the gauge of the 
line and (2) the necessary coefficient of voltage regulation as a func- 
tion of the desired range of speed control. 


4% 
196 
PK, [ xw 
ky, 
or 
(30 
= 
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Thus, for example, if D. = 1.05 a, D, eas * 0.49 m and A = 5@ then 
—2140.0 49. _ 1 (31) 
co 


v vu 


and if D, = 1.05 a, D, = 0.49 m and A = 600, then 


“ K, Kug 
On the uvther hand, since 
7 500 to 10.000 
PK =(7 500t010 K. ——- 
it follows that if D, = 0.49 9, then 
1961 = (3 756 to 5000) (32) 
From a comparison of (31)-(33): 
Ug __3750te5000 ” 
= to 1 1600 = 3.5 to 4. (34) 


Consequently, there is a constant relationship between Ky, and 
Por line gauges of 1524 mm and I — equal to 0.5 a, 
Ky g= (3.5 to 4.3)-0,5 == 1.75 to 2.15; 
aud for line gauges of 1435 mm and !, |, equal to 0.43 a: 
Kg. mas == (3.5 to 4,3)-0.43 = 1,5 to 1.85, 


The limiting output of a traction motor for a whee] diameter Do = 
= 1.95 m (D, = 0.49 m) and A = 600 is (see Table 2): 


38 


P= 1160-2.15 


This oucput can be attained if Ky, = 2.15. 
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TAPLE 2 
K,, | ) | | 
| 1250 | 1900 | 835 | (500 
Conclusions 


The weight of the electrical machines of Diesei locomotives and gas 
turbine locomotives and that of the traction motors of electric single 
phase d.c. locomotives may be reduced considerably in individual cases 
ty ea factor of 1.5 to 2 using conventional materials. 


rev/ain; * 
Los sind 
| 
100) 
4 
Te 
a 2 2 


Pig. 2. Nomogram of the optimum calculated data 
for traction generators: 

Av ----- C= 7500; 1, = 0.235 @; 

B85 © O75 10% = 0.67; 

© 108, a A600; Ks = 

4 
All traction motors can be “inscribed” in the diameter of a wheel 

D, = 1.05 m. When making traction motors with the limiting length of 
arwature (1, = 0.5 m), the range of voltage control of the generator 
should reach Ku, = 2.15. 


‘The weight of the generators must not exceed 1.5 U,,,/U,. ke/k¥, 
and that of the motors should not exceed 1.5 »,,,/v, ke/k¥. ‘The gross 
weight of the main machines of Diesel locomotive transmissions should 
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not exceed 


\ » a ji kW 


The weight of traction motors is proportional to F,, _— and this 
should therefore be kept as low as possible. 


In traction machines it is recomwended tiat nomograms should be used. 
Those shown in Fig. 2 refer to generators and those in Fig. 3 to motors 


on 200 400 500 s00 «a, km/ar 


Pig. 3. Nomogram of the calculated data for traction 
motors: 

a -¢, = 7500, = 0. 43, Ky, b -C, = 7500, 

i, = 0.5, Ky -C, = 16 = 0. 43, ky,” 

= 1. 85, d = 10 0.5, Ky, = 2. 15. 


An important condition for obtaining the requisite weight indices is 
the production of electrical machines with the maximum number of poles: 


Tmax Liv | 


or, what is the same thing, with the maximum frequency 


' 
AA 
ck 
140 
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Consequently, the weight of a machine is proportional to the maximum 
voltage and for low power machines it is necessary to take U gy, ~.67 
kV, and for high powered machines {/ KV. 


The calculations have shown that in priaciple it is possible to pro- 
duce traction machines with a weight of 1.5 kg/kW. 


The calculetions which have been performed for generators in sustain- 
ed use show that (1) produces a considerable error if the iength of the 
armature is short or if the number of poles is large. It is therefore 
recomended that a more general formula be used: 


G= ( ) (tons (18) 


The following formulae may also be used: 


for generators: 
DiI, (1b) 


for motors: 


+ > 


tons |. (le) 

In order to produce generators of low weight, these machines should 
not be made with armature diameters over 0.85 m, since otherwise the 
weight of their frames must be increased in order to ensure adequate 
rigidity. If it is necessary to produce large outputs, it is expedient 
to mount two short ermatures in one housing. 


Translated by O.M. Blunn 
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OPERATION OF AN INDUCTION MOTOR FROM A 
TRANSISTOR FREQUENCY CONVERTER* 


0.1. KHASAYEV 


(Moscow ) 


(Received 9 May 1960) 


The most economical method of regulating the speed of a squirrel 
cage induction motor is to vary the frequency of the supply source. In 
this connexion special importance is attached to static variable- 
frequency d.c. to a.c. converters in which large junction-type transis- 
tors are used as switching devices. 


The most efficient mode of operation of a transistor is the switch- 
ing state which permits highly efficient energy conversion. Yet the 
output voltage of a simple transistor converter used as a switch is 
rectangular in shape (see FPig.Ja). It is to be expected that the oper- 
ating characteristics of an induction motor will therefure deteriorate 
owing to the presence of higher harmonics [1]. 


In order to assess the merits of simple transistor frequency con- 
verters in this case, it is necessary to compare the operating charac- 
teristics of the motor when a voltage of sinusoidal shape is supplied 
with those obtaining when the supply voltage is of rectangular shape. 
Such a comparison shows just how far it is advisable to rely on com- 
plex semiconductor converters based on switching triodes for output 
voltage curves of approximately sinusoidal shape [2]. 


Two typical cases of a rectangular voltage supply are considered: 


(a) a rectangular voltage containing all odd harmonics (Fig. 1a); 


* Elektrichestva, No.9, 29-%, 1961. 
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(b) a rectangular voltage containing all odd harmonics except multi- 
ples of three (Pig. 1, 5). 


The circuit of a frequency converter is show in Pig.2 [3] The 


shape of the output voltage curve corresponds to that in Fig.i(a) or (b) 
depending on the method of connecting the load. 


a) b) 


Pig. 1. Curves for the converter output voltages. 


The circuit contains three single-phase converters, each of which YEA 
consists of a transformer with a rectangular hysteresis loop, comnected 196 
in the diagonal of a bridge of four power triodes. The single phase 
converters operate in the same way as in Royer’s circuit [4), except 
that the transformer is not a power transformer; it is intended for 
controlling the triodes. In one half-wave the triodes T 1 and Th4 are 
in the state of saturation and T > and Th3 in the state of cut-off. In 
the next half-wave the position 3 reversed. 


All three converters are synchronized with the angle of phase shift 
of the output voltage (equal to 2-/3). ‘The converter FC, is the driving 
one in relation to FC., and FC, is the driving one in relation to FC,. 
the pair of triodes T,,, T33) of each driven converter are 
controlled by two parallel-conhected windings, viz. one from the trans- 
former proper Pore 23 (% and the other from the transformer 
of the driving converter "e12 (* 9): A choke (reactor) 
Ch, (Ch2) is connected in series with the windings of the driving con- 
verter. The voltage on the synchronizing windings Per’ "ex2 
- 22) is greater than that on the windings of the transformer proper. 
Therefore, the windings switch the triodes Toy 
) of the driven converter on saturation of the synchroniz- 
ing choke Ch, (Ch,). The state of the triodes of the driven converter 
is maintai until the next switching by the windings of the transforn- 
er proper. 
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The angle of saturation of the choke is: 


4w 
(1) 


U.10" 

| 
where * , 18 the number of turns of the choke, ». ch the saturation 
flux of the choke and U the supply voltage. 


YEAR | 
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Fig. 2. Circuit of frequency converter. 
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In order that the angle between the voltages of the converters FC, 
FC, should remain constant throughout the entire range of frequency 
variation, it is necessary that the ratio of \ to the half-period 7 
should remain constant and equal to 2/3. Here Tis found from the formula: 


(2) 


where ®,, is the saturation flux of the transformer. 


In fact, the ratio ¥/T is independent of U, and the parameters of 
the chokes are found from the condition: 


(3) 


With a variation of the voltage, tne saturation time of the cores 
and the half-period both vary in proportion, so that the angle between 
the output voltages of the converters remeins constant. 


An important condition of invceluntary synchronization is that the 
fundamental (natural) frequency of the driven converter must be 8 to 10 
per cent less than that of the driving converter, i.e. 


where trex Srey Srey are the fundamental (natural) frequencies of the 
converters and f the desired frequency of the three phase converter. 


Otherwise the triodes of the driven converter are switched before the 
time for involuntary switching, and synchronization is disturbed. 


All the triodes in this converter are fully used as regards voltage 
and current. 


The circuit in Pig. 2 is suitable for regulating the speed of an in- 
duction motor between limits of 1 to 3 for a constant torque and between 
limits of 1 to 10 for a ventilator load, since the voltage across the 
base windings is proportional to the supply voltage. 


If the amplitude of the output voltage is less than the pernissible 
collector voltage of the triode, the load can be connected (a) in the 
diagonal of each bridge A-A’, A-B8’, C-C*, or (b) at the output of tro 
individual three phase bridges. 


But if the output voltage is greater than the permissible collector 
voltage of the triode, it is then pussible (a) to desig: the transformers 
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Try Tr » Trs for the total output power and to connect tne load to che 
output windings of the transformers Try Tr» Tr, or (b) design these 
three transformers for the control power and connect the primary wind- 
ings of the power transformers in the diagonal of each bridge A-A’, B-R’, 
C-C’ or at the output of the individual three phase bridges. 


Dy Da 


Pig. 3. Circuit of the power part of a converter 
with load delta-connected 
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Pig. 4 Equivalent cirqit of induction motor. 


But if the output voltage is greater than the permissible collector 
voltage of the triode, it is then possible (a) to design the transfora- 
ers Try. Tro. Tr; for the total output power and to connect the load to 


: 
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the output windings of the transformers Tr,, Tro, Tr, vt (b) design 
these three transformers for the contro] power and connect the primary 
windings of the power transformers in the diagonal of each bridge A-A’, 
B-R’, C-C’ or at the output of the individual three phase bridges. 


In view of the losses in the transformer, it is advisable to use a 
transformerless output and at high voltages to use series-connected 
triodes {5}. In the first case the output voltage will contain all odd 
harmonics (Fig.1a), whereas in the other case the output voltage con- 
tring no harmonics which are multiples of three (Pig. 1b). 


The best characteristics are possessed by an autonomous inverter [6] 
consisting of a three phase bridge type amplifier (see Pig. 3) and a three 
ohase main generator. The latter consists of a variable frequency multi- 

ibrator and two conventional converters synchronized with the first by 
magnetizable saturable reactor. The frequency of the main generator 
48 regulated by d.c. signals independently of the voltage across the 
power triodes. The variation of the voltage across the power triodes YE, 
does not affect the frequency of the converter. The output voltage of 19¢ 
this converter has the same shape as that shown in Fig. 1(b). 


Tests were carried out on the system illustrated in Fig. 2. The power 
triodes of the semiconductor converter were shunted by diodes owing to 
the phase shift between the current and voltage on inductive-active load. 

The following assumptions were mde: 

(a) The saturation of the motor was neglected; 

(b) The control pulses were assumed to be rectangular in shape; 

(c) The characteristics of the triodes and diodes were assumed to be ideal; 

(d) The switching time of the triodes was assumed to be zero. 


Consider first the operating characteristics of an induction motor 


with an input voltage of rectangular shape which generally contains all 
odd harmonics. The curve in Pig. 1(a) is expanded into a Fourier series: 


sin(Ga + 
‘On + + 


sin (oa — 1) eat sin — 1) caf 
6a ~ | =. 


where the harmonics of positive, negative and zero sequences are in 
separate sums. 
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Proceeding from the equivalent circuit of an induction motor (Pig. 4a), 
the ath order harmonic of the stator current is found from the expres- 
sion 


/ a “Ut + a,n*c,s? + na,) (6) 
where 
} 
x, 
m 
rf 
m m 
YEAR The rotor slip in the field of the nth harmonic is: 
196] 
an, +n, 
(8) 
where n 


is the speed of the stator field (for the first harmonic) and 
No the rotor speed. 


In (8) the “minus” sign is then taken for the positive sequence 


harmonics and the “plus” sign for the negative sequence harmonics so 
that (8) takes the form 


a n 


The nth order harmonic of the rotor current, referred to the stator 
winding, is found by the formula 


nta,s? + —j (n*a,s2 — na;s,) (9) 
+ nays, + 0554, 
The power factor for ath order harmonic is 


COs = 


+ nay (10) 
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Pig. 5. Operating characteristics of inductian motor. 
1 - sinusoidal voltage; 2? - rectangular voltage with 
all odd harmmics; 3 - stepped voltage without harman- 
ic multiples of 3; P2 - relative power on shaft. 
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The cesulting current and torque of the motor are then 


— 
i 


The operating characteristics of an induction motor have been plotted 
in Pig. 5 by (6)-(11). The motor parameters were as follows: 


Q. 


Curves 1 in Pig. > refer to a sinusoidal supply voltage of 22.5 V; 
curves 2 were obtained for a supply voltage of rectangular shape con- 
taining all odd harmonics (the fundamental harmonic equalled the sinu- 
soidal voltage 225 V). In both cases the supply frequency was 50 c/s. 


Here the ratios of the mean and effective values of the sinusoidal 
and rectangular voltages respectively were: 


8 
8. av 


J 


U 
(12) 
Us.av_ 2V2 
eft 


where U,. av and Ur av are the mean values of the sinusoidal and rec- 


tangular voltages. 


Calculations have shown that the decisive moment on the supply of a 
rectangular voltage is that created by the fundamental harmonic since 
che moments of higher harmonics are negligible. The higher harmonics 
cause an increase in the motor current, a deterioration in cos @ and an 
increase in losses so that the efficiency of the motor is reduced (see 
curves 2 in Pig. 5). for example, under rated conditions the motor 
current is increased ty 10 per cent, cos » is reduced by 8 per cent and 


efficiency is reduced by 5 to 7 per cent. 


The deterioration in the characteristics of the motor is mainly due 
to the third harmonic of the rectangular voltage. 


Accordingly, it is to be concluded that the supply of an induction 


motor with a voltage of rectangular shape which contains all odd harmon- 
ics is inefficient owing to the deterioration in its operating charac- 


teristics. 
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Consider now a typical case when the shape of the output voltage is 
like that shown in Pig.1,(b). On expanding this curve into a Fourier 


series: 


0 
sin Ga — ot 
sin (an 
n=l 


Curves 3 in Fig. 5 have been obtained for the same motor with a supply 
voltage of the shape shown in Fig.1, (b) on condition that the funda- 
mental harmonics of the rectangular and sinusoidal voltages were both 
the same. This condition is satisfied if 


(13) 


6V3 
U, 1.05U ay 


s.av x? 


or (14) 


3 
eff = eff 0.955U, eff 


It will be seen from a comparison of curves i (sinusoidal voltage) 
and curves 3 (rectangular voltage without harmonic multiples of 3) that 
the operating characteristics of the motor are not appreciably affected 
in the latter case. Thus, for example, the power factor cos is only 
reduced hy 2 or 3 per cent, whilst the efficienc is only reduced by 1 
to 1.5 per cent. The motor current is notably increased on no load; 
the difference between the currents decreases with increasing load. The 
explanation is that there is practically no variation of the rotor slip 
in the field of higher harmonics with changes in slip in the field of 
the fundamental harmonic within the limits 0-1. Thus, for example, for 
the fifth harmonic < we 1.2 to 1, and for the seventh harmonic ', = 0. 857 
to 1. (Qurrents of higher harmonics therefore remain constant when the 
load changes. It is obvious a lighter load means that currents of higher 
harmonics will have a greater influence. At rated load the current in- 
creases by 2 to 3 per cent and the motor torque remains practically 
unchanged. 


In order to analyse the switching of power triodes which are shunted 
ty diodes, it is sufficient to consider the current in two phases, for 
example, A and B, and the operation of one pair of triodes: T 3 T 
(Pig. 3). Suppose that the triodes 7,, T; and 7 are in the cut-o 
state at the instant ¢ = 0 (Fig.6) and that triodes Ty 7, and T, are 
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saturated. The operating point for T, is Ag, and that for T,-A,. In 
the interval ¢,<f</, the current in phase B increases according to 


the law: 


U U - 
~ aR, 
l+e 
where x, 
wor, 


f is the mains frequency, and the resistance r, and inductive reac- 
tance x, of the motor are respectively 
s 
(2) + 


x} + Xm*2 +(2) 


x, x, + x, 2 
(2) + + 


In phase A the current decreases according to the law: 


l—e 


(16) 


Un 
l+e 


A line current iy flows through the triode 7,, i.e. the sum of the 
currents in phases A and B is: 


i 


The operating point is moved from Ay to Ay. At the instant t = th 
the triodes T; and T, are respectively switched into the saturation and 
cut-off states. In the interval ¢,<t<¢, the current in phase A begins 
to increase in the reverse direction in accordance with (15); in phase 
8B the current continues to increase in accordance with (15). A second 
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line current flows through the triode ', equal to: 


! ! 


The operating point of ', is now moved from Ae to Ay 


At the instant ¢ = ty the triodes T, and Ts are switched respectively 
into the saturation and cut-off states. In the interval t2 ¢¢* ¢t. 
the current in phase A continues to increase in accordance with (i5), 
and that in phase % colncides in accordance with (16). A current then 
flows through the triode 1, equal to: 


13 

YEAR 

196] Me operating point ', is moved from As to Ay At the instant ¢ = ts 
the process of switching triodes 7, and 7, begins. As soon as triode Ts 
becomes “conducting” wnder the action of the self-induction e.m.f. of 
the windings of phases A and Rf, its operating point moves instantane- 
ously to the point A;, whilst that of T, moves to 0. In the course of 
transient behaviour the current of triode T, decreases, whilst that of 
T, increases so that at any instant in time 


The operating point T, is moved from As to Ag and that of T3 for 0 
to Ry. Thus, triode 7, is in the zone of cut-off, and T3 in that of 
saturation. the interval ‘,</<f/, phase A is disconnected from the 
supply source end short-circuited by the triode T; and the paralle) 
circuit D3j-73. The current which is maintained by the self-inductian 
e.a.f. of the motor winding flows through the triode 7; in phase 4 in 
the former direction; the current through diode D3 flows in the con- 
duction direction; that through 7g is in the reverse direction (i.e. 


in the direction of the co) lector-emitter). 


It will be seen from Fig.G thal the current amplification factor of 
a P4-type triode (the ratio of the base current to the saturation current 
of the collector) is 2.5 times less in the reverse direction than in the 
forward direction. Thus, for example, if the operating point of the 
triode in the forward direction at 5A is in the saturation zone for 4 
definite base current, then for the same base current in the opposite 
direction the vperating point will depart into tne active region even 
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at currents above 2A and even in the absence of a shunting diode. The 
connexion of a shunting diode ensures the operation of the triode with 
reverse currents in the region of saturation. 


The current in phase A at the first instant after switching remains 
in the same direction owing to the self-induction e.m.f. Two cases are 
possible: 


1. If I>cos@ >°0.525 the current of phase C and the triodes Ty; 
and Ts thereby reducing the current consumed fram the d.c. circuit so 


that at any instant in time 
(0. (20) 


In other words, the current of phase & is completely compensated ty 
the current of phase C. 


Pig. 7. «@ — voltage across phase 4, currents in A and 
B and line current with delta-connected load; 6 - phase 
voltage with load star-connected, currents flowing 
through Ty Dy, Ty Dy, and the line current; ¢ — phase 
currents and current in the supply source circuit. 
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2. If 0.525 ~ cos@> ©, the current of phase Pf is only partially 
compensated by that of phase C and the current of the supply source 
changes sign. ‘This implies that the d.c. source must take the non- 
compensated part of the reactive power given off ly phase f#. In the 
opposite case (supply from a rectifier), the d.c. source has to be 
shunted by a capacitance given by the formula: 


C=— 2 In - 
2o(1 +6 ine. 


[u Fl 


where t=7— is the permissible increase in the capacitor voltage. 
m 


The mean value of the phase current during a halfwave is found from 
the expression: 


l+e 
The effective value of the phase current is: 
t—e 


The relationship between the phase and line currents is the same as 
for a sinusoidal voltege: 


V3 Jere, (24) 


Fig. 7(a) shows curves for the currents in phases A and & and the 
line current i; = i, for delta-connected motor windings. Fig. 7(c) 
shows curves for the currents in phases A, AR and C. In each phase the 
current i, (15) flows through the supply source, but the current ig (16) 
does not. Therefore the current in the circuit of the supply source is 
the sum of the currents i,, ip, and ig without the shaded sections: 


! 

2 

r= —"[ ]. (25) 
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With star-connected motor windings, the phase voltage curve is in 


two steps (see Fig.7b): 


for the first step 


7 
for the second 
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Pig. 6. Oscillograms of the triade, diode and 


line currents 
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The phase voltage does not contain harmonic multiples of 3: 


3 Ty sin(Gn—l) uf 

b) “Sir th in —1 | 


The expressions for the currents in the individual intervals are: 


if 
Va» Un p Of e 
i+e 
if 
! 
Um Un p 1 + 2e is 
196] < 


The curves for the currents flowing through Ts, Vy Ds and D, are 
given in Fig. 7(b) along with those for the line current i; = t, {-tp, 
with the motor connected in star. 


The mean value of the phase current is 


2U 2U (, + Ping a)(, 
/ = — ap jt In (29) 
and its eifective value 

U, ~ 


I+e 
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The current in the supply source circuit is: 


(31) 


Fig. 8 shows oscillograms of the currents ing ing ing ing and i. 


Conclusions 


1. The supply of an asynchronous motor with a voltage which is of 
rectangular shape and contains all odd harmonics is inefficient owing 
to the considerable deterioration of its operating characteristics. 


2. This deterioration is limited to 1-2 per cent if the supply vol- ) YEA 
tage is free of harmonic multiples of 3. 196 


3. There is no justification in using semiconductor converters for 
approximately sinusoidal output voltage curves. The slight improvement 
in the operating characteristics of the motor is offset by the compli- 
cation of the system and the increased losses due to the use of an cut- 
put transformer. 


4. If the line output voltage of the converter has the shape of the 
curve in Fig. 1(a), it is advisable to connect the motor windings in 
star. but if the line output voltage contains no harmonic multiples of 
3, star or delta connexion is equally good. If phase distortion is 
present, it is advisable to connect the motor windings in star in order 
to eliminate currents of harmonics which are multiplies of 3. 
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THE CURRENT DISTRIBUTION IN THE 
BATHS OF ORE-SMELTING FURNACES* ** 


G.A. SISOYAN 
(Georzian Polytechnical Institute) 


(Received 23 February 1961) 


Modern electric ore-smelting furnaces take currents of up to 
hundreds of thousands cf amps at voltages seldom above 200 tc 300 V. 


Another feature of these furnaces is the low current density of the 
electrodes which varies between 2 and 10 A/em*. Yet in the bath itself, 
depending on the physical and chemical state of the materials, the 
current density and the volume nower density vary between very wide 
limits, with the result that large variations occur in bath temperature. 
In open furnaces the temperature hardly reaches 100-200°C under the 
charge hole, whilst in the space under the electrodes it can reach 
severa) thousand deg. centigrade. 


The conversion of electrical energy into thermal energy in the bath 
is bound up with these factors, Depending on the physical and chenical 
state of the charge materials, the current distribution and the ten- 
perature, the furnace may operate like a resistance furnace, an arc 
furnace or like a combination of the two, when erergy is liberated in 
the charge and arc at the same time. 


The interplay of such diverse factors complicates the selection of 
optimum conditions. But since the starting point is necessarily the 
distribution of the current and power in the bath, a study of these 
factors is of decisive importance. 


* Flektrichestvo, 9, 45-50. 1961. 
**Pob) ished ty way of discussion. 
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The general laws of electrical circuits and the method of equivalent 
circuits can be applied to furnace circuits, but to do so it is necessary 
to take the spatial current distribution into account. But the gener- 
ally accepted equivalent circuits of polyphase systems in the form of 
stars of polygons are not at all suitable for the current distribution 
and to a certain extent they are unrealistic. 


The structure of the bath and charging the materials 


The structure of the furnace bath under steady state operating con- 
ditions can be most diverse, but certain regularities are common to 
them ali, the main ones being the temperature distribution, the current 
field and the aggregate state of the charge. 


There is usually a zone of maximum current density on the electrode 
face. It is here that the main chemical processes take place most 
YEAR intensively in the formation of the melt. This region is called the 
196] crucible of the bath. The temperature and current density decrease 
from the electrode face to the perimeter of the bath. 


Depending on their physical and chemical properties, the charge 
materials in the space under the electrodes may be in the solid, molten 
or gaseous states. In the first two cases the conversion of electrical 
energy into heat takes place as in a resistance furnace, and in the 
third case (the gaseous state) it takes place via tie arc. Molten 
products of reaction accumulate in the sub-electrode space. It is to 
be supposed that the temperature levels and extent of the regions with 
various forms of the materials differ in different furnaces ana with 
different melts. The distribution of the regions in which the materials 
are in a different form is also affected by the relative and absolute 
dimensions of the electrode and bath. 


In polyphase furnaces in generai and three phase furnaces in parti- 
cular the crucibles of the individual phases can either be kept apart 
or else merged into one common crucible. The design of medium power 
three-phase carbide furnaces is a typical example of “isolated” cruci- 
bles. Common crucibles are used in medium power ferrosilicon furnaces. 


The foregoing classification is rather rough, but unfortunately there 
is still a lack of reliable data about the crucibles of furnaces. 


Qurrent distritution in ore-smelting furnaces 


The possible paths of the current in the bath 


Electric ore-smelting furnaces generally operate under mixed con- 
ditions where there is not only an arc current but aiso currents which 
shunt the arc. These currents flow through the molten and fluid 
materials in the bath. 


In a single phase furnace the hearth usually acts as a second elec- 
trode and the arc burns between the face of the moving electrode and 
the materials on the hearth. Since there are materials around the arc 
which possess a certain electrical conductance, it follows that current 
flows parallel to the arc between the moving electrode and the hearth. 


If the furnace is operating without the arc, a flow of current also 
takes place from the side surface of the moving electrode into the fluid 
melt or the solid charge surrounding the electrode as well as from its 
face. When the arc emerges, part of the face surface of the electrode 
is occupied ty a gaseous interlayer. Under certain conditions this inter- 
layer can occupy the entire surface of the electrode face and spread to 
the side surface of the electrode. 


The distribution of the current in three-phase furnaces is more com- 
plicated. Besides the arc currents flowing from the electrodes to the 
hearth on the star system, currents can also flow from the electrodes 
to the hearth through the charge on the star system and from electrode 
to electrode on the delta system. The possible current paths in a three 
phase furnace are illustrated in Pig. 1. 


Pig. 1. Current paths in bath. 
@ ~ through arc and melt; 4 - arc apart from melt; 
¢ ~ charge; d ~- electrode side and charge. 


The magnitudes of the arc currents and charge conductance currents 
depend on many factors, the main ones being the distribution of the 
thermal and electrical fields in the bath and the thermal conductivity 
and electrical conductance of the charge materials. Since at a given 
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voltage the configuration of the fields depends on their size, and 
since the electrical conductance and thermal conductivity are to a 
certain extent inter-connected, it follows that the density distribution 
of the current and power can be represented as a function of the geo- 
metric factor and the electrical conductance: 


p). 


Thus for both single and three-phase furnaces the problem reduces to 
the determination of the electrical and therm] fields, the density of 
the current and power in the charge, and the relationship between the 
power of the arc and in the charge. 


The electrical field 


Analytical methods of determining the electrical fields of a bath, 
with the non-hamogeneity of the charge conductance included, are very 
complicated and do not always produce satisfactory results. But if it 
is assumed that po is a constant, the field of a single phase furnace 
can be reduced to a plane-meriodional field described by the Laplace 
equation 


yU=—0. 


Since the diameter of a furnace is quite large, it is possible to 
ignore the radial curvature of the field, and the field of a single- 
phase furnace can be reduced to a plane-parallel (two-dimensional) field. 


Solving this equation for the vector of field intensity, we get the 
equation: 


VU c Ud 
aja aga 


where ! is the potential difference, ¢@ the distance betwe@ the elec- 
trodes, ¢« and d coordinates of the transformation. 


It is tedious work calculating the individual points of a field, but 
it leads to satisfactory results. Fields obtained in this way do how- 
ever have to be regarded as approximate, since no account is taken of 
distortions caused by the furnace lining. 


In fact, a charge is present in the furnace between the electrodes 
having a certain electrical conductance which is limited by the insulat- 


464 Current distribution in ore-smelting furnaces 


ing ‘ayer of the bath lining. The field must be regarded therefore as 
a two-layer field with the surface effect included. 


The field configuration and current distribution depend mainly on 
gap 5 between the electrodes, the gap « between the top electrode and 
the lining of the bath, the height 4 of the charge layer, the diameter 
d of the electrode and the diameter d’ of the crucible. 


see 


Pig. 2. Electrical field of model. 


Fig. 2 shows two field configurations obtained experimentally from 
a furnace model. The experiments showed that the current which flows 
from the face of the electrode is 100 to 150 per cent of that flowing 
from the side surface of the electrode. But the current does not flow 
uniformly even from the side surface. The density of the current from 
the side surface at the face is greater than that on the surface of the 
charge by a factor of approximately 2 to 2.5. One of the curves which 
illustrate this relationship is shown in Fig. 3. 


The charge conductance current falls sharply with increasing dimen- 
sions of the gaseous sphere surrounding the electrode face. ‘The rela- 
tionship between the current and 4 is just the same. The magnitude of 
the charge current is least affected by the diameter of the electrode. 
Even over a fairly wide range of electrode diameters, the current from 
the side surface of the electrode only varies by 5 to 10 per cent. 


As is known, technological considerations enter into the question of 
electrode diameter and, within the limits allowed on technological 
grounds, the diameter of an electrode has practically no effect on the 
magnitude of the current. 
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An analytical study of the fields of three-phase furnaces is still 
more complicated, but the field configuration can again be obtained by 
modelling. 


When investigating the field of three phase furnaces, it is necessary 
to distinguish the instantaneous and effective values of the fields. 
The distribution of the energy in a bath is wainly determined by the 
effective value of the field. 


| 
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Fig. 3. Current density over height of electrode. 
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Fie. 4. Pield of three-phase furnace, elec- 
trodes in row. 


Fig. 4 shows the field of a furnace with its electrodes arranged in 
a row (a quadrangular bath was used). The configuration of the field 
was influenced mainly by the dimensions of the bath, the diameter d of 
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the electrodes, the distance | between the axes of the electrodes, the 
gap 4 between the electrodes and the hearth and the height A of the 
furnace. 


Delta cross-flow of current only takes place between the middle and 
extreme electrodes. The current density in the vertical direction is 
practically constant; a more or less sharp decrease in this current 
occurs at the upper boundary of the bath. With uniform conductance of 
the wedium, the delta currents are greater than the star currents (see 
Fig. 5). With an increase in the gap between the electrode and hearth, 
the delta currents decline almost linearly, but the star currents de- 
cline slightly more slowly. 


However, the distribution of the currents in the bath is altered 
considerably by the gaseous spheres which form under the electrodes, 
and by the non-homogeneous electrical conductance of the bath. 


The distribution of power in the bath 


A uniform distribution of power is preferable for processes which 
take place at comparatively low temperatures. In such cases the pro- 
cesses take place in a considerable volume of the bath and the gaseous 
products rise to the throat with uniform density. 


For high temperature processes it is necessary to have hearths with 
more intensive power capable of providing these temperatures. 


In order to estimate the distribution of power in a bath, use may be 
made of the notion of the volume power density: 


dP 


where P is the mean value of the power and Y the volume in which the 
power is developed. 


In differential form the volume power density can be expressed by 
the equation 


where F is the intensity of the electric field and p the specific re- 
sistance of the medium at a point in the medium. 
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Since the volume power density is proportional to the square of the 
field intensity if p is constant, it follows that curves can be plotted 


for the distribution of p if the pattern of the field intensity distri- 
bution is known. 
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Fig. 5. Star and delta currents. 


Pig. 6. Distribution of volume power density. 


Fig. 6 shows the graphically-determined pattern of the distribution 
of the volume power density over the vertical section of a furnace bath. 
Lines p represent lines of equal volume power. By virtue of the square- 
law relationship with field intensity, the volume power density is 
greatest on the surface of the electrodes where £ is also maximum. The 
value of p decreases much more rapidly than £ with increasing distance 
from the electrode. In the majority of cases the value of p is only a 
traction of one per cent of its original value at a distance from the 
electrode equal to the diameter of the electrode. 


| 
7722: 


Current distribution in ore-smelting furnaces 


The electrical conductance of the churge materials 


The electrical conductance of the charge materials has a fundamental 
effect on the current and power distribution in the bath. The min 
ingredients of the charge are reducing agents, oxides and metals. Their 
conductance will now be considered in turn. 


Reducing agents. The main types of reducing agent are anthracite 
and coke. Practically all carbon materials have a very high specific 
resistance at temperatures up to 200-300°C. It declines with increasing 
temperature, but at temperatures between 506 and 600°C this decline is 
temporarily arrested. At 500-600°C to 1000-1200°C there is a marked 
decline in the specific resistance of carbon materials. 


With a further increase in temperature, the specific resistance of 
all types of reducing agent balances out and the electrical conductance 
becomes practically the same for all types of reducing agent in the 
active zone of the reaction. 


Fig. 7 shows typical curves for the relationship between the specific 
resistance of a type cf anthracite and a type of coke on the one hand, 
and temperature on the other. 


The roasting and graphitization of tne reducing agent can take different 
lengths of time depending on the rate of descent of the charge. But in all 
cases the electrical conductance of almost all types of reducing agent is the 
same inthe zone of reaction and in the lower levelsof the bath generally. 
The type of reducing agent cannot therefore have any appreciable effect on 
the magnitude of the charge conductance current. Porosity and lumpiness 
are the only factors affecting the conductance of the reducing agent in 
the lower regions. 


Porosity reduces the conductance of the reducing agent. The re- 
lationship between lumpiness and conductance is not so straight-forward 
since the number of contacts between lumps and the area of contact 
comes into the question. In some cases the total resistance of the bath 
can ve changed slightly by altering the porosity and lumpiness of the 
reducing agent, but the scope for this is very limited. 


In the upper regions of the tath, where lower temperatures prevail, 
all types of reducing agent have a relatively high specific resistance 
and therefore play a subsidiary role as a conducting factor. But the 
type of reducing agent does influence the magnitude of the charge con- 
ductance current. At low temperatures coke has a larger conductance 
than anthracite and it is therefore instrumental in increasing the con- 
ductance and charge conductance current in this region. Conversely, 
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anthracite sharply reduces these currents, since it has a high specific 
resistance. 


The type of reducing agent has a greater effect in the middle zone 
of the bath where temperatures of 500 te 1200°C prevail. In this range 
of temperatures there is a sharp increase in the conductance of the 
reducing agent and along with that, an increase in the charge conduc- 
tance current and power. 


0 1200°C 
a) 


0 
400 600 800 1000S 


b) 
Pig. 7. Specific resistance of anthracite (a) 
and coke (b) as a function of temperature. 


In the lower regions, where maxinum temperatures prevail, the con- 
ductance of all types of reducing agent becomes maximum, and it 
balances 6ut so that the conductance of this zone is maximum and all 
types of reducing agent have the same effect. ‘tf appears that the 
charge conductance currents and powers are also maximized in this zone. 


As a whole it may be said that the reducing agent 1s not a significant 
factor as regards conductance in the upper regions. But in this zone 
types of reducing agent do affect the magnitude of the charge conduc- 
tance current. In the middle regions the conductance of the reducing 
agent is greater and, consequently, the charge conductance currents ana 
powers are increased. Pinally, the conductance of the reducing agent is 
waximized in the lower regions where the temperature is greatest anc 
all reducing agents tend to have the same effect. In this zone th: 
charge conductance currents and powers are also maximum. 
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Oxides. Metal oxides have a very high specific resistance and a 
negative temperature coefficient, i.e. their specific resistance de- 
clines with increasing temperature. Even at very high temperatures near 
their melting point, most oxides still retain a high specific resistance. 
For example, the specific resistance of quartzite at room temperature is 
about (2-3) x 10'9 2 cm and at 800°C it is about (5-6) x 107 Q cu, i.e. 
it is still high. 


At 0°C the specific resistance of calcium oxide is about (2-3) x 10!4 
Q om; at 500°C, (7-8) x 108 Gem; at 1200°C, 1x 107 Qem. It falls 
still lower at higher temperatures, but it is still quite high. 


In the upper region of the bath the main types of oxides can there- 
fore be regarded as non-conducting inclusions between the lumps of re- 
ducing agent. In the middle and lower regions they begin to play a 
certain role in the conduction of current, but their conductance is 


still very small. 


Metals. At 20°C the specific resistance of iron is about 10 x 107° 
Q am. Its specific resistance is increased six times over with a rise 
in temperature trom 2 to 1100°C. Nevertheless, the electrical conduc- 
tance of iron is high even at quite high temperatures. Other metals 
have more or less the same electrical properties. The presence of metal- 
lic components in the cowposition of the charge has a marked effect on 
the transformation of electrical energy in the bath of the furnace. 
Since the electrical power of a furnace is proportional to its resistance, 
and since the resistance of metallic inclusions is negligible, the 
energy liberated in these inclusions is therefore negligible compared 
with that liberated in the other elements of the furnace. 


The conductance of the charge mixture. The charge of ferrosilicon 
furnaces is generally a mixture of reducing agent, oxides and metals, 
but that of a carvide furnace is usually only a combination of reducing 
agent and oxides. It will already have been seen that the conductance 
of these components is widely different. The conductance of metals is 
almost a dozen times greater than that of oxides. The conductance of 
reducing agents is about half that of metals. The electrical conditions 
of the bath are affected accordingly. 


In the upper regions of the furnace the current can only flow through 
the small circuits formed between the lumps of reducing agent and metal 
(iron), since the lumps of the oxide with their high specific resistance 
can play no part in the conduction of current. Therefore currents will 
flow through the charge only where such cirquits are formed in series. 
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Since the specific resistance of metal is about half that of the reduc- 
ing agent, it follows that the electrical energy of the charge conduc- 
tance currents is mainly liberated in the reducing agent and not in the 
metal. On the whole the charge conductance current in the upper cooler 
zones of the furnace is not considerable. 


In the middle regions of the furnace the conductance of the oxides 
and reducing agent increase, whilst that of the metal decreases. There- 
fore the oxides and metal takes an increasing part in the conduction of 
current and the transformation of energy. But in those regions the con- 
ductance currents remain inconsiderable since current-conducting circuits 
are seldom formed there either. 


In the third and hottest zone the conductance of the oxides and re- 
ducing agents increases still further and the aggregate state of the 
charge undergoes a marked change as the oxides and metals soften and 
melt. This increases the contact between the individual lumps of the 
charge and whole current conducting regions are formed besides indi- 
vidual circuits. The difference between the volume power density of the 
various charge constituents is reduced. 


The electrical conductance of the melt. A melt is a finished or 
intermediate product in the fluid state. It lies at the bottom and con- 
stitutes a section of the current path in the bath, 


The energy which is liberated in the melt plays a greater or lesser 
role in the overall energy balance of the bath depending on the dimen- 
sions of the bath and the specific resistance of the melt. 


In ferroalloy furnaces the melt is a fluid ferrosilicon with a 10 to 
50 per cent iron content. This iron content of the melt cannot ensure 
the necessary resistance. 


The conductance of the other camponent (silicon) is fairly high. 
Pig. 8 shows the specific resistance of silicon as a function of ten- 
perature. In the solid state it has a high specific resistance (15,800 
u 2 cm at 1250°C, 2500 » 2 om at 1670°C), but after melting its specific 
resistance drops to 36 »Q2 cm. Therefore the specific resistance of a 
fluid melt in a ferrosilicon furnace is approximately 100% Qcm. Contact 
between the electrode and melt, no less than the submerging of the elec- 
trode in the melt, will lead to short-circuiting in these furnaces. 
Therefore the energy in ferrosilicon furnaces is mainly liberated in the 
arc. Even though the arc and melt are connected in series, the resis- 
tance of the melt is so smal] in comparison with that of the arc that it 
can be ignored. 
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The difference between this type of furnace and stee! furnaces is 
that a ferrosilicon charge in the solid state has a much greater resis- 
tance than steel scrap in a steel furnace. Therefore contact between 
electrode and charge does not in this case cause a short-circuit and a 
finite current flows through the charge from e)ectrode to electrode or 
to the melt. 


The relationship between the resistances of the arc and charge on the 
one hand and the power liberated in them on the other still remains an 
open question. The temperature of a charge and its resistance vary 
within wide limits and therefore in certain conditions the resistance 
of the charge can be commensurate with that of the arc. Therefore the 
energy which is liberated in the charge may be commensurate with that 
liberated in the arc. ‘The baths of furnaces have a certain capacity 
for self-regulation and re-distribution of power between arc and charge. 
The melt takes no part in this distribution of power. 
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Pig. 8. Specific resistance of silicon as a 
function of temperature. 


The specific resistance of calcium carbide also varies widely as a 
function of temperature. Pig. 9 shows a curve obtained by R. Chuguryan, 
from which it will be seen that a mrked reduction of specific resis- 
tance only sets in at temperatures over 1600-1700°C. Since the tem- 
perature of the melt in the fluid (or viscous) form varies between 1800 
and 2100°C, the specific resistance of a calcium carbide melt may be 
taken as 0.08-0.25 Q cm. Certain other authors have produced higher 
figures (0.2-0.3 2 cm). But even if the average specific resistance of 
of molten carbide is taken as 0.1 2 cm, the total resistance of the bath 
is quite considerable. 


For example, in particular 7500 KVA furnace the effective resistance: 
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of the whole bath is 20002 and that of the melt 200 ».2. ‘this implies 
that about 10 per cent of the energy is liberated in the melt. Since a 
considerable part of the energy is liberated in the charge which shunts 
the electrodes, it follows that the proportion of energy which is liber- 
ated in the arc of a carbide furnace is much less than that of a ferro- 
Silicon furnace. The re-distribution of power may however be adjusted 
within certain limits by changing the operating conditions of the fur- 
nace. 


It should however be mentioned that the specific resistance of 
calcium carbide falls very quickly with a decrease in temperature. 
The conducting layers of the charge and meit are therefore confined to 
layers surrounding the electrodes. The layer of the melt directly 
adjacent to the hearth of the furnace has such a high specific resis- 
tance that the current practically cannot penetrate it at all, and the 
hearth electrodes are equi-potential. The layers of the charge on the 
surface near the throat also have a very high specific resistance and 
therefore the density of the charge conductance current is practically 
zero in this region. 


The actual distribution of the current end 
power in the bath 


It has been argued above that the current and power distribution depends 
on the geometric dimensions of the bath and the electrical conductance. 
A change therefore in the conductance of the charge with variations in 
temperature causes considerable distortion of the current distribution 
compared with that which would otherwise exist in a homogeneous nedium. 
Since the electrical conductance of ferrosilicon differs considerably 
from that of carbide, its effect on the distribution of current will 

not be the same in both cases. ‘These types of furnace will now be con- 
sidered along with steel and glass furnaces. 


In steel furnaces the charge and melt both display high electrical 
conductance. Therefore at permissible values of current the liberati 
of heat in the charge and melt is negligibly small. Only arc furnaces 
can be used here. The electrical energy of the arc is transformed into 
thermal energy and transferred to the charge and melt according to laws 
of heat transfer. 


In ferrosilicon furnaces the charge mixture has a rather high specific 
resistance. Charge conductance currents do occur in these furnaces. In 
the upper regions of the bath the specific resistance is much greater 
than in the middle regions, and in the region adjacent to the electrode 
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face the conductance is still higher. The charge conductance currents 
in ferrosilicon furnaces flow mainly in the narrow zone surrounding the 
face of the electrode. The melts of the great majority of ferrous 
alloys have very low electrical conductance and therefore the volume 
power density of the melt is inconsiderable. The melt takes no signi- 
ficant part in the transformation of electrical energy into thermal 
energy in these furnaces. In slagless processes the electrode face is 
not usually in contact with the melt and the arc burns on the electrode. 
If slag is present, the electrode face is usually submerged in the slag 
and the arc burns on the molten slag or on the melt. Even if slag is 
present, electrical energy is converted into tnermal energy in only 2U 
to 30 per cent of the volume of the bath. Outside this space the volume 
power density is very low. The relationships between the power of the 
arc and charge can vary widely depending on the geometry of the bath and 
the type of alloy. For example, arc power may reach 80 to 90 per cent 
for ferrosilicon with a large iron context, but it can be as little as 
30 to 40 per cent for carbon ferromanganese. 
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Pig. 9. Specific resistance of calcium carbide 
as a function of temperature. 

In carbide furnaces the charge mixture has a high specific resis- 
tance in the cold state. But with increasing temperature it rapidly 
declines. Therefore the charge conductance current is small in the 
upper part of the furnace and the region in which electrical eergy is 
converted into thermal energy occupies no more than 3 to 40 per cent 
(ty volume) of the bath. 
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The specific resistance of calcium carbide melts is much greater 
than that of ferroalloy melts. In the carbide furnace, the face of the 
electrode is submerged in the melt, or else the are burns on it; under 
normal conditions the presence of an are is desirable since it ensures 
the necessary high levels of temperature for the technological process. 
A number of investigations have shown that about 40 per cent of the 
energy is liberated in the arc in carbide furnaces; roughly the same 
amount of energy is liberated in the charge and the remaining 20 ver 
cent is liberated in the nelt. 


A glass furnace is a good example of a furnace with a melt having a 


high specific resistance. It operates on the principle of a resistance 
furnace. No electric arc is used in these furnaces. 


Translated by O.M. Blunn 
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AN INVESTIGATION OF THE STEADY STATE 
STABILITY LIMITS OF LONG DISTANCE 
TRANSMISSION LINES WITH 
CONTROLLED SYNCHRONOUS CONDENSERS* 


M.N. ROZANOV and CHEN’ SHI-NYAN’ 
(Moscow Power Institute) 


(Received 13 April 1961) 


The installation of controlled synchronous condensers at intermediate 
substations is one of the most effective means of increasing the carry- 
ing capacity of long distance transmission lines. 


An investigation of the steady state stability of long distance 
transmission lines with several synchronous condensers provided with 
automatic high-response excitation regulators is a very complex problem 
since it requires the formation and analysis of a high order character- 
istic equation. This equation is of order 12 for two synchronous con- 
densers and of order 20 for four [1]. ‘Theoretical investigation of 
steady state stability limits has until now been confined to systems 
with one synchronous condenser. 


In this paper a method is proposed for long distance transmission 
lines with several controlled synchronous condensers. This method, 
evolved in the problem laboratory for electrical systems at ihe Moscow 
Power Institute, permits analysis of steady state stability as if only 
one controlled synchronous condenser were present. The changoover is 
based on comparison of regions of stability in the co-ordinates of the 
amplification coefficients of the automatic excitation regulator, for 
electrical transmission with one or two intermediate substations. Cal- 
culations carried out by the authors have shown that the stability 
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limits of each transmission system practically coincide in modes of 
operation corresponding to equal maximum impedances Ax of the branch 
of the condenser beyond which the e.m.f. is maintained constant in order 
to ensure steady state stability. 


42 max 

z 
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Pig. 1. 


Fig. 1 shows transmission systems corresponding to the normal opera- 
tions of a single-circult or twin-circuit line with one, two, three and 
four intermediate substations. 


Tt is assumed that the line sections are all equal in length, that 
the voltages at the sending and receiving ends of the line are constant 
and equal to unity, and that the voitage level ut the point where the 
synchronous condenser is connected to the line is also equal to one. 

The coudenser branch is replaced by an impedance Ax and a constant 
e.m.f. £, after it. Ignoring the capacitance of the line, the following 
equations can then be written for the transient phenomena in system 1 
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for small deviations in conditions: 


==— 
T = — AP,; (2) 
T = AP, (3) 
or 
43 
aP, , 
pdt, = — (5) 
where 
' E 
AP, cos (Mb yy + M24) + cos 4, 
(6) 
4P,=— cos (42,, + — 
E (7) 
4P,=— cos 4, ,44,, +- Ses cos 4,,4%,,. (8) 


The condition for balanced reactive powers at an intermediate point 
may be expressed in the following way: 


20, +9, pest) tas) =? 


Using this expression, the e.m.f. can be defined as a function the 
angle 2: 


4 
E,= (1 — cos’). (9) 


Substituting expressions (6)-(9) in the transient behaviour equations 
(3) ang (4), and taking into account in forming the characteristic 
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equation that 


the following expression can be formed for the free tema of the charac- 
teristic equation: 


A[2 “costs — 2% (I —cos2)-+ cos], (10) 


where A is a constant coefficien( 
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Discarding the coefficient A and equating the second multiplier cm 
the right-hand side of (10) to zero, that value of A./x is defined as 
a function of the angle 2 which is maximum as regards the condition of 
maximum stability and beyond which the e.m.f. £, is held constant in 
order to ensure steady state stability: 


max cos 6 


x 2—2cosd—2cos's (11) 


The relationship 4x,,./x = f (%) is represented by curve 1 in 
Pig. 1. In this diagram the curves 2, 3 and 4 refer to an analogous 
relationship in respect of two, three and four synchronous condensers. 
Fig. 2 shows the same relationships again, but this time for post fault 
conditions in a two-circuit transmission line. 


In order to plot the region of stability, resort is had to charac- 
teristic equations [2] which are formed on the assumptions usually made 
in the analysis of the steady state stability of electrical systems YEA 
with automatic high-response excitation control. 196 
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Fig. 3. Effect of the inertia camstant of the 
receiving system on the regim of stability: 
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Pig. 4. Regions of stability in regulation of the 

excitation according to the deviation of the first 

and second derivatives of the direct axis current 
of the synchronous condenser (K aid = 25): 

1 - for a system with two synchramous condensers at 

= 45°; 2- the same at 3 = 60°; for the equiv- 

alent system with one synchraous condenser ( Seq * 
= 60°); 4 - the same with 10°. 


Line parameters: length of section 500 km; x) = 


1 
= 0.223 Q/km; = 4.94% 10° /km; nominal 
line voltage 650 kV 


Parameters of synchronous cand@msers: . = 1500 
WVA; = 2384; = 1,284; 2550.8; = 
= 0.12; T40 = 10.2 sec; = 0.05 sec, Ty, . = 
= 4.6 sec. 
Parameters of sending station: P = 3000 MH; 
= 12,4 sec, 
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It is also assumed that the inertia constants of the sending and 
receiving stations are equal so that all the systems except 1 in Fig. 2 
become symmetrical, which permits factorization of the characteristic 
equation and simplifies the plotting of the stable regions considerably. 


Fig. 3 illustrates the effect of the inertia constant of a receiving 
station on the region of stability for a transmission line with one 
synchronous condenser. It will be seen from this diagram that the 
stable region is hardly altered by an increase in the inertia constant 
of the receiving station from the value of the inertia constant of the 
sending station to infinity. Nence the extra assumption made above 
involves no great error. 


Figure 4 shows the limits of stability with excitation control of 
synchronous condensers with respect to the first and second derivatives 
of natural direct axis current. The limits are plotted for two modes 
of transmission using two synchronous condensers (i.e. angles 4 = 45° 
and 6= 60°) and for transmission with one synchronous condenser with 
the corresponding angles (5. ~ 60° and 5. ~ 70°) found from curves 
1 and 2 in Fig. 1 on condition that dtuax/* is the same. Fig. 5 shows 
the regions of stability for systems 1 and 2 in Fig. 2, i.e. for the 
post fault conditions of coupled transmission with one and two syn- 
chronous condensers. In plotting the regions it was assumed that the 
impedance of all sections of the line was the same and that all the 
synchronous condensers had identical power and other parameters. 


The good agreement between the regions of stability in Figs. 4 and 
5 and the results of other calculations by the authors justify the con- 
clusion that, as regards steady state stability limits, electrical 
transmission is similar with either one or two synchronous condensers 
provided. 


dx 
idem, (12) 


and if the impedance of the line sections are the same and power and 
parameters of the synchronous condensers are the same. 


The condition for identical line section impedances and identical 
condenser powers and parameters can be written in the form: 


(13) 


The conclusion regarding the similarity of transmission with two 
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synchronous condensers and that with one condenser can also be extended 
to transmission with a larger number of intermediate substations, i.e. 
it can be said that, as regards the steady state stability limit, tran- 
smission with n synchronous condensers, with the transmitted power cor- 
responding to the angle 4 between the voltages at the ends of each 
section, is similar to transmission with one synchronous condenser, with 
the transmitted power corresponding to the equivalent angle 45, provided 
condition (13) is fulfilled. In other words, transmission with a syn- 
chronous condensers in a mode corresponding to the angle 4 can be re- 
Placed, as far as the steady state stability limit is concerned, by 
transmission with one synchronous condenser having the same length of 
section and identical synchronous condenser power and which operates in 
a mode corresponding to the equivalent angie Seq: 
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Pig. 5. The same as Pig. 4, but for two-circuit coupled 
transmission with interruption of one circuit on one section: 
1, 2— from the complete characteristic equation; 3, 4 - fram 

the proposed simple method. 
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The equivalent angle for a transmission line with one synchronous 
condenser can be found from the curves in Figs. 1 and 2, provided con- 
dition (12) is satisfied, and from the known angle 4 of transmission 
with » synchronous condensers. Purther investigation of stability en- 
tails plotting the regions of stability for transmission with one syn- 
chronous condenser in coordinates of the amplification coefficients 
according to the derivatives of the parameter used to regulate the ex- 
citation. To plot the regions of stability, use may be wade of the 
characteristic equation proposed by one of the authors of this article 
in a previous paper (21 


Translated by O.M. Blunn 
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Control engineering 


Capacitor stabilization in amplidyne-type motor generator 
sets. D.A. Kaminskaia et al., (pp. 78-82). 


It is considered that the use of stabilizing transformers in 

amplidyne-type motor generator sets unduly complicates the system 

and it is proposed to use capacitor stabilizing devices instead. 
YEAR Tests on a large excavator have demonstrated the advantages of the 
1961 new system. 


The accurate performance of automatic control systems 
under steady state conditions. V.T. Bardachevskii ¢t al., 
(pp. 22-25). 

A general formula is proposed for pre-determining the steady state 
error in the performance of automatic control systems under the 
effect of several different perturbing factors. 


Costing 


Certain aspects of costing in power engineering. 
A.V. Voronin, (pp. 63-66). 


It is proposed to extend the existing soviet system of percentages 
to operating costs (including appropriations for capital repairs and 
renovation) and to dispense with the system of two-variant comparison 
for investment purposes, using estimates of annual outlay instead. 


Induction pumps 


The optimum dimensions of induction pumps for liquid 
wetals. Okhremenko, (pp. 10-16). 


A deteiled mathematical study is made of the optimum geometric re- 
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lationships in the design of flat, spiral and cylindrical induction 
pumps from the point of view of maximum efficieng and winiwum weight 
of active materials. 


Insulation 


Pre-breakdewn phenomena in the insulation of high veltage 
electrical machines. 8.D. Vakser «t (pp. 70-73). 


An account is given of investigations into specific discharges which 
have been observed in mica plates prior to final breakdown. A study 
is made of the factors affecting the amplitude, duration and repeti- 
tion rate of these discharges. The authors advocate using details 
of such partial breakdowns for control over insulation quality. 


Power systems 


Studying long line transients with phase trajectories of > YE 
a non-linear load. Karaev, (pp. 26-29). 19¢ 


With a view to studying internal surges in long distance transmission, the 
author proposes a graphical-analytical method of studying transient 
phenomena in long lines, with non-linear loads included (trans- 
formers, chokes, arresters and so am). A differential equation is 
formed linking flux and current. After various transformations a 
family of phase trajectories is plotted in which each curve corres- 
ponds to a fixed value of a certain parameter, p. 


Surge interference with carrier channels along transmis- 
sion lines. G.V. Mikutskii, (pp. 51-57). 


An account is given of the research which has been undertaken at the 
All-Union Flectrical Fnergy Research Institute into the effect of 
atmospheric overvoltages, short-circuits and switching on carrier 


wires (communication channels) along high voltage transmission 
lines. 


A method of determining the economic efficiency of hydro- 
electric stations. D.S. Stepanov, (pp. 74-78). 


The official method of estimating the cost of hydro-electric stations 
is severely criticized. 
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Operating experience with telemechanical systems in the 
Mescew Power system. N.S. Shabalin (pp. 82-86). 


A frank account is given of the problems and the type of remote 
control equipment in use in the Moscow Power System covering the 
despatcher control system, the high voltage network and the urban 
cable distribution system. 


Relays and protection 


Use of the [lal] effect for a power directional relay. 
V.G. Doroguntsev, et al., (pp. 57-63). 


A study is made of the sensitivity of power directional relays 
based on the Wall effect. It is proposed to improve their sensi- 
tivity by reducing the variation in induction, the use of a.c. 
amplifiers and an instantaneous increase in the input power of the 
pickup, (Hall transducer). 


Rotating machines 


ihe effect of dissymmetry of the main pole m.a.f. on the 
compeles and machine characteristics. I.Z. Ageyev, (pp. 37-40). 


It is shown that asymmetry of the m.m.f. of the main poles of 6 k¥ 
electric motors with 2p = 6/3 adversely affects the commutation and 
operating characteristics of the machines, especially in machines 
with half the number of compoles and with the series and parallel 
windings on poles of opposite polarity. However, it is proposed to 
turn this effect to good advantage in generators with a wide range 
of speeds and a half number of compoles by placing parallel coils 
with 25 to 35 per cent more turns on poles of opposite polarity to 
the compoles, than those on poles of the same polarity as the com- 
poles. 


Economic losses and the dimensions of electrical machines 
and transformers, I.M. Postnikov, (pp. 2-9). 


An attempt is made to establish the general principles to be followed 
in estimating electrical machines and transformers to achieve minimum 
factory and operating costs. 


Abstracts 


The maxisum torque ef electric motors for coal-cutters. 
N.A. Kiklevich, (pp. 41-44). 


Using electric motors of coal cutters by way of example, the author 
establishes more precise criteria for the maximum torque of motors 
supplied from low power networks as in coal -mines. 
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Editorial 
The great programme for building communism. (pp. 1-5). 


The article defines communism from the party programme and briefly 
considers the next twenty years of development. The role of the 
communist party is discussed along with the part to be played by 
science in forming the material-technical basis of communism. 
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Charging a capacitor from an a.c. circuit through a valve. 
S.M. Smirnov, (pp. 60-64). 


A study is made of the process of charging a filter capacitor by 
sinusoidal voltage pulses. Cases of purely capacitive and capaci- 
tive-active loads of rectifiers connected in half-wave and full-wave 
rectifying systems are considered. 


Transforming Grey’ s code into a binary code. V.A. Kougiis, 
(p. 74). 


The direct use of Grey’s parallel code for control devices in servo 
systems (e.g. for determining the angle of rotation of shafts) is 
not considered convenient in programme contro] systems based on po- 
tential logical elements. Accordingly a system of transforming 
Grey’s code into a parallel binary code is suggested. 


Control engineering 


Fundanentals for constructing a standard series of aute- 
matic motor drives fer aulti-cable sine hoists. 
V.S. Tulin, (pp. 12-19). 


A study is made of the regulations and standards governing mine 
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hoisting and lifting equipment with a view to forming a theoretical 
basis for standardization and greater efficiency in electrical 
drives. 


An instrument for measuring active power. Ys.I. Stiop, 
(pp. 65-66). 


A descriptior is given of a device for measuring power in which the 
main part, squaring the sum and difference of the input quantities 
(current and voltage), uses tyrite elements as the non-linear resis- 
tors with a load resistance to adjust the volt-ampere characteristic. 


A controllable d.c. drive. A.1. loffe, (pp. 71-73). 


A study is made of a new variable d.c. drive with a simple converter. 
The drive is based on a typical d.c. motor with independent excita- 
tion with its speed controlled by varying the voltage applied to the 
armature from the converter. The converter consists of a three- 
phase transformer with primary secondary windings connected in star 
and connected to the a.c. network. The secondary windings have dif- 
ferent numbers of turns so that the e.m.f. is different in each 


winding. Rectified voltages can be fed to several drive motors at 
different speeds. 


Power systems 


Appraising electric power costs in designing industrial 
plants. 0.S. Stepanov, (pp. 6-11). 


The estimation of the cost of electrical energy in planning indust- 
rial undertakings is considered in the light of socialist methods of 
planning without resort to existing tariffs. 


How the post-breakdown voltage on the arrester depends on 
the current wavefront length. V.I. Pruzhinins-Granovsksis 
et al., (pp. 53-54). 


An account is given of investigations into the relationship between 
residual voltages and the length of the current wavefront for 
various “tervite’’ and vylite” resistors in soviet lightning 
arresters and combined lightning and surge arresters. 


Discriminative ground fault signalling. V.V. Shut’, 
(pp. 68-71). 


A description is given of a recently developed device for selective 
indication of earth faults in compensated three-phase high-voltage 
networks. The device has passed tests in the Odessa power system. 
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It utilizes the transient currents which flow through the elements 
of the system at the instant an earth fault occurs. 


Relays and protection 


The behaviour of overcurrent relays during out-step con- 
ditions in a power system. S.E. Stepurin, (pp. 55-60). 


Investigations have confirmed that overcurrent relays may operate 
incorrectly during out-of-step conditions of the generators. It is 
proposed to overcome this by adjusting the reset time of the relay 
or using a voltage starting relay with a particular voltage setting. 
The method of analysis is also applicable to other types of voltage 
and current relay. 


The relationship between the curie point and the compo- 
sition of copper-zine ferrites. A.1. Andrievskii et al., 
YEAR | Gp. Go. 


1961 An account is given of investigations into copper-zinc ferrites of 
various compositions corresponding to values of the Curie point 
between the boiling point of liquid nitrogen and 460°C. The Curie 
points of the compositions were determined to within 4 to 6°C by the 
method described. Particular compositions are used for thermal 
relays which are also described. 


Rectifiers 


Calculating the parameters and characteristics of a 
semiconductor rectifier with saturated reactor control. 
G.P. Mostkova et al., (pp. 38-46). 


The authors propose a simple method of analysis to determine the 
parameters of the main equipment of semiconductor rectifiers con- 
trolled by saturable reactors (mainly the parameters of the reac- 
tor) and to construct the operating characteristics of the recti- 
fier under different operating conditions. 


Rotating sachines 


The maximus torque of cosi-cutter induction soters con- 
nected in mine networks. B.S. Traube, (pp. 19-23). 


In order to ensure the necessary conditions for a highly efficient 
performance from coal-cutting combines, the author seeks to eluci- 
, date the maximum possibilities of mine networks ty finding the 
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general laws which govern the variation of the actual torque of 
induction motors. Test results appear to confirm the theoretical 
propositions. 


Locus diagrams for synchroneus generator control devices 
with phase compounding. V.N. Breev (pp. 29-34). 


The properties of the various control devices in the steady state 
excitation circuit of generators with phase compounding are des- 
cribed by a single diagram so that the effect of the parameters of 
individual circuit elements on the excitation current can be estab- 
lished and so that a preliminary selection can be made of requisite 
initial coefficients depending on the regulation and forcing of the 
excitation current. 


A new way of mounting brushes in electrical machines. 
V.G. Gurin, (pp. 47-48). 


An account is given of tests and calculations which indicate that YEA 
the most efficient position of “reactive” brushes in electrical 
machines is that with “reverse inclination” (trailing brushes) at 
angles greater than 10 or 19 to the radial direction except when 
vibration is excessive. 


The performance of a three-phase induction moter having 
an unequal number of turns in the stater phases. 
I.M. Kamen’, (pp. 48-52). 


General equations are formed for the analysis of the operating con- 
ditions of non-salient pole machines having a three phase winding 
with identical phase zones, but with different numbers of turns in 
the phase». 


Traction 


Contactless contrel of electric rolling stock. 1.8. Bashuk 
et al., (pp. 24-29). 


A description is given of the authors’ general-purpose systems of 
contactless electrical interlocking patented in 1957 and 1960. One 
system is a combination of a transistor and a “pick-up” whose out- 

put voltage is fed to the input to the triode. The moving core of 

the pick-up is mechanically linked with the apparatus to be control - 

led so that in one position the output voltage of the “pick-up” is 

vero anc ir another poeition it is sufficient to change Ux oduct 

ing triode into the saturated state. The triode accordingly plays 

the roie of a normally closed or normally open blocking contact. e 
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Various other systems are considered with diagrams. 


Synchrenous machine damper winding lesses due te voltage 
time harmonics. Yu.A. Kulik, (pp. 34-37). 


A study is made of the effect of voltage harmonics on the currents 
of the damper winding and the resultant losses. The distribution of 
the currents in the damper winding is analysed and the total losses 
caused by higher time harmonics are determined by the mean square 
value of the current in the cores of the damper winding. 
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CONTACTLESS CONTROL OF ELECTRIC COACHES* 


I1.B. BASHUK and A.I. KHOMENKO 
(Moscow Institute of Railway Transport Engineers) 


(Received 24 June 1961) 


A disadvantage of electric drives controlled by relays and contactors 
is the unreliability of the contacts, due to their wear, oxidation, con- 
tamination etc. This disadvantage is particularly marked if the con- 
tacts are opened and closed with great frequency. It can however be 
overcome if contacts are completely eliminated from the control system. 
Until now this problem has only been solved by using magnetic ampli- 
fiers as relays. Yet these cannot always be used owing to the relative- 
ly large dimensions of the amplifiers. 


The dimensions of control circuit elements can be considerably re- 
duced for independent or group drives if the apparatus is "interlocked" 
by means of transistors which are controlled by electrical pickups 
(transducers) that produce output voltages as a function of the posi- 
tion of the control object. 


Even the relays can be made quite small without contacts, and only 
small magnetic amplifiers are required for isolating the power circuit 
and control circuits and feeding the signals of trigger circuits to the 
transistors. 


This allows the production of improved control systems for electric 
coaches based on principles which have not hitherto been used. The new 
units also improve the reliability and performance of a coutrol system. 


Electrical circuits can be switched on and off by transistors acting 
either as switches or as trigger circuits. Transistors can be control- 
led by signals from transducers without the use of contacts. 


* Elektrichestvo, 10, 24-29, 1961. 
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In 1957 the authors of this paper patented [1] a contactless inter- 
looking system which combined a transistor with a transducer. The recti-: 
fied output voltage of the transducer was fed to the input to the tran- 
sistor (see Fig. 1). The moving core of the transducer was mechanically 
coupled with the control object in such a way that in one working posi- 
tion the output voltage of the transducer was zero, whilst in the other 
position it was sufficient to change the "non-conducting" triode into 
the saturated state. The transistor switched the particular section of 
the control circuit "on" or “off" accordingly, and took the place of a 


normally closed or 10rmally open blocking contact. 


-U 


—, 
i 


+U 
To transducer in 
Pag. 1. Fig. 2. 


An alternative method is to use a trigger or "flip-flop" circuit to 
switch the circuit "on" and "off" by means of a signal from a trans- 
ducer or some circuit element. Various types of design system are 
possible and these will now be considered. 


6, 
a’ 


Pig. 3. 
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Different types of transducer can be used for controlling the tran- 
Sistor or trigger circuit. A differential inductive transducer is illus- 
trated in Fig. 2. In the middle position of the moving core the result- 
ant magnetic flux there is zero and the output voltage is likewise zero. 
A variable voltage is produced at the output of the transducer when the 
moving core deviates from its middle position. This transducer can be 
made highly sensitive so that the triode can be changed from "on" to 
"off" (or vice versa) by the core moving tenths of a millimetre. 


Figure 3a illustrates the circuit of a transducer which produces a 
zero output voltage if the air gaps 6, and 5, are the same. If the core 
1 is moved in any of the directions indicated in Fig. 3a, the two gaps 
cease to be equal and a voltage is then produced at the output of the 
transducer. The merit of this device is the absence of "hinges". 


The transducers shown in Figs. 2 and 3a are convenient for control- 
ling contactors. For apparatus with a group drive, use may be made of 
the recently patented transducer circuit shown in Fig. 3b. Here the 
moving core / is a shaped steel disc with projections. This disc is 
coupled to the camshaft of the apparatus [2]. If one of the projections 
is opposite the fixed core 2, the output voltage of the transducer is 
zero, But if one of the recesses is opposite this fixed core, a voltage 
is produced at the output of the transducer. 


6, 2 4, 
it | 
7m +4 
2 Vout 2 
Fig. 5. Fig. 6. 


The number of projecting sections depends on the design of the group 
apparatus. The necessary relationship between the transducer output 
voltage and the angle of rotation of the disc (moving core) can be ob- 
tained by an appropriate choice of the angles a, £8, y, and y,. 


If it is required to produce an output voltage which reverses polar- 
ity, use may be made of the device shown in Fig. 4. This is made so that 
5, is greater than 5, if the moving core 1 is opposite the fixed core 2, 
The e.m.f. E, of the output winding then becomes greater than Ey and 
the rectified output voltage is the same in polarity. The polarity of 
the output voltage is reversed when the e.m.f. FE, decreases on movement 
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of core 1, 


An alternating input voltage can be ouvcained from a transistorized 
inverter for such transducers. 


The device shown in Fig. 5 may be used to control a trigger circuit. 
Movement of the core produces a voltage pulse at the output. The polar- 
ity of this pulse depends on the direction in which the core moves. 
However, the amplitude of the output voltage of this particular device 
depends on the speed with which the core moves. If the control object 
chanres position at a reduced speed for one reason or another, the 
t’ « circuit cannot be "changed over". 


Figure 6 illustrates the circuit of a device which generates relaxa- 
tion oscillations provided that the gain feedback factor is positive 
and much greater thar one. The core / is made from ferrite material. 
When disc 2, which is made of conducting material, enters the air gap 6, 
the oscillations are damped and the current in the load circuit is re- 
duced to zero. Unfortunately it is a complicated matter to ensure sharp- 
ly defined attenuation of the oscillations and to resume oscillations 
under all operating conditions. 


The system of contactless interlocking shown in Fig. 1 (employing a 
P4-P-type transistor and the transducer illustrated in Fig. 2) has been 
tested on PK-301A-type electro-pneumatic contactors and PK-504-type 
electromagnetic contactors. From test results the switching time of the 
contactors was practically the same for conventional and contactless 
control circuits. 


To protect the transistors from the surges which occur on opening 
the coil circuit of the contactor, the latter is shunted by a diode 
with a resistance in series with it. The diode tends to prolong the 
time between the initial decrease in the current in the contactor coil 
and the final complete opening of the contacts. It has, however, been 
established by tests that the total increase in time is very small, so 
that the use of this contactless interlocking system does not alter the 
operating conditions of the contactors. 


However, the combined use of contactless interlocking and logical 
circuits "and", "or", etc provides all the relationships enjoyed in 
existing control systems. 


It is obvious that contactless interlocking is advisable wherever 
existing electro-mechanical interlocking systems are unsatisfactory. 


On suburban and Underground coaches the interlocking systems under 
the greatest strain are those controlling the drive of the rheostat 
coutroller which is th= rain apparntus controlling the starting of the 
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train. 


Using the foregoing principles, the rheostat controller (with the 
existing acceleration relays) can be controlled by a transistorized 
contactless interlocking system. As regards trains using pneumatic 
drives, the use of transistors is facilitated in that the necessary 
currents for controlling the electro-pneumatic valves are only a frac- 
tion of an ampere and so are much less than the maximum permissible 
currents of such triodes as the P4 model. It can also be arranged that 
the effective voltage is within permissible limits. 


The solution of the problem rests on the substitution of three 
appropriate contactless interlockings for the three blocking contacts 
which control the two valves of the controller and the "lift" coil of 
the acceleration relay. But this requires three inductance-type trans- 
ducers. It is, however, possible to dispense with one of them if only 
one is used for controlling the trigger circuit (for switching the two 
valves of the controller), and one other for controlling the lift coil 
of the acceleration relay. 


é 
+70 


To control 
circuit 


AR. > >To IT-2 


4 
to 17-1 TR. 


Pig. 7. 


This method is illustrated in Fig. 7 in reference to electric 
coaches on the Underground. The trigger circuit, employing transistors 
T, and T,, controls the alternate supply to the rheostat controller 
valves PRA and PK2. The trigger circuit is controlled hy the inductance- 
type transducer [T-{ which is similar to the system shown in Fig. 3b. 
When a projecting section of the disc comes to the core, the output 
voltage is reduced to zero and the triode 7, is "off" whilst T, is "on", 
since the resistance r, is less than the resistance r,. Therefore, when 
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the contacts of the acceleration relay AR are closed, the coil of PK1 
is disconnected and that of PK2 is connected. 


The output voltage of the other inductance-type transducer [7-2 (see 
Pig. 4) is supplied to the triode 7’, and makes it "conducting" or, near 
certain positions, "fixed" of the controller. The lift coils of the 
acceleration relay AR, and time relay mM. are therefore short-circuited. 
Between certain "fixed" positions of the controller the output voltage 
of the transducer /7-2 changes polarity so that triode 7; is made "non- 
conducting” and the lift coils of the acceleration relay and time relay 
are therefore switched "on". In this case the trigger circuit and coil 
of one of the rheostat controller valves are supplied via resistance r, 
and diode 


When the shaft of the controller reaches the next "fixed" position, 
there will be a disc recess opposite the fixed core of the transducer 
IT-1 and not a projection, and the rectified output voltage of the 
transducer is applied to the emitter-base circuit of the triode 7;. ' 
This "changes over" the trigger circuit, disconnects the valve kK! and 196 
connects PK2. 


This system of supply ensures the alternate connexion of the rheostat 
controller valves. Another important feature of this system is that it 
precludes the possibility of momentary interruptions in supply as well 
as that of simultaneous supply to the coils of both valves. However, in 
existing systems with pin and cam switches, either behaviour can occur 
and lock the rheostat controller shaft between positions owing to 
changes in the “scanning” of the valve switch because of the wear of 
the components. 


Such a system (see Fig. 7), using a contactless switch for the 
rheostat controller valves, has been installed on three coaches of the 
Moscow Underground. These have been in use since October 1960, The con- 
trol system features a comparatively high rated voltage (70 V) and 
voltage variation between 60 and 90 V. The maximum permissible voltage 
for the transistors is 50 to 60 V, but the reliability of the transis- 
tors is safeguarded by an appropriate choice of the resistances r,, lo 
r, and r,. The voltage across the transistors never exceeds 35 V even 
when the control circuit voltage is 90 V. 


The disadvantage of this system (Fig. 7) is its high power consump- 
tion since the valves are disconnected by short-circuiting their coils. 
It is only advisable to use this type of system when the control- 
circuit voltage is much greater than the permissible transistor voltage. 


The control-circuit voltage in suburban coaches is 50 V and its 
variation is much less than that of coaches on the Underground. Use may 
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therefore be made of the system illustrated in Fig. 8 for the rheostat 
controller valves of electric suburban coaches. It incorporates two 
differential transducers similar to the one shown in Fig. 4. The intro- 
duction of the controlling triode T; not only allows a considerable re- 
duction in the dimensions and power of the transducer, but also reduces 
the current to zero in the valve coils when they are switched "off". 
This is impossible when using conventional triggers with loads connected 
in the collector circuits, owing to the presence of feedback resistance. 


ol 


AR 8+ 50V 
+ 50V 


» 


To con 
circuit 


Fig. 8. 


The lift coil of the acceleration relay is switched on by the triode 
T,. This is controlled by the differential transducer [7T-2. The supply 
of the acceleration relay lift coil and the coils of the two rheostat 
controller valves has been left the same as for control circuits of 
ER-1 type electric coaches. The system shown in Fig. 8 has been used for 
a contactless "valve" switch on one of the electric coaches of October 
Railways. It has been in operation since 1960. 


It is known that sharply define operation by electromagnetic accele- 
ration relays depends to a great extent on the duration of the supply 
to the lift coil. This only takes about 0.05 sec. Such a short period 
of time for the coil to be under voltage is explained by the fact that 
voltage is only supplied to the coil after the camshaft of the rheostat 
controller has been partially revolved. Unless the relay armature is 
attracted during this time, the shaft of the rheostat controller jumps 
through the next "fixed" position. In principle this drawback can be 
overcome by using the system shown in Fig. 9a for supplying the lift 
coil. 


Besides the main windings / and 2, auxiliary windings 3? and 4 are 
mounted on the magnetic circuits of the electro-pneumatic valves. An 
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impulse voltage is then produced in the windings in question whenever 
one of the valves is connected or disconnected. This voltage can be 
used for "changing over" the trigger circuit; as the result of a signal, 
triode 7, is made "conducting" and the lift coil AR, of the accelera- 
tion relay is switched "on". In this case the controlling triode 7, is 
“off", since the output voltage of IT-2 (a device similar to that in 
Pig. 4) makes the base potential of this triode higher than the emitter 
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Pig. 9. 


potential. Figure 9b illustrates the relationship between the output 
voltage of I7-2 and the angle of rotation a of the rheostat controller 
shaft. This relationship can be produced by six projections and six re- 
cesses on the moving core of the transducer and an appropriate choice 


of the angles a, fi, y, and y». 


The lift coil of the acceleration relay is switched off slightly be- 
fore the camshaft of the controller reaches a "fixed" position. The 
triode T, becomes “o‘f" when the controlling tricde 7 becomes "on" at 
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the instant the output voltage of JT-2 changes sign. The triode 7, 
again becomes "off" when the controller shaft is in the fixed position. 


If the system shown in Fig. 9a is used to contro] the lift coil of 
the acceleration relay, the valves can be switched by the circuit in 


Pig. 10a, 


To IT-1 
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Pig. 10. 


In the closed position of the acceleration relay contacts, the state 
of the trigger depends on the sign of the signal of the J7T-1 transducer 
(here the system shown in Fig. 4 is used). The relationship between the 
output voltage U, of this transducer and the angle a of the controller 
shaft is illustrated in Fig. 10b. On transition of the controller to 
the next "fixed" position, the acceleration relay contacts open, but 
the trigger still remains in the same state. This maintains the con- 
tinuity of supply to the valve coils in the interim periods between 
"fixed" positions. For several degrees before the next position is 
reached, the sign of the transducer output voltage becomes such as to 
change over the trigger into the new state which sets in after the 
acceleration relay contacts close. The merit of this system is the ab- 
sence of electrical coupling between the supply of the acceleration re- 
lay lift coil and the valve-switching circuit. 


Transistorized contactless interlocking systems such as those 
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described above can also be used in two-position group apparatus such 
as reversers, brake switches, etc. 


However, the relays of electric coach contro] systems can also be 
made without contacts. Here it is advisable to use a magnetic amplifier, 
the control winding of which receives a signal from the power circuit. 
The output of the magnetic amplifier can be connected to the transistor 
circuit which switches "on" a certain part of the control circuit when 
the control criterion deviates from the desired magnitude. For this pur- 
pose use may for instance be made of a trigger circuit with a control- 
ling triode or other trigger circuit. The design of contactless relays 
allows the control and power circuits to be kept separate, ensures the 
necessary operating speed of the relays and reduces the power and di- 
mensions of the magnetic amplifier, since it is oniy required for con- 
trolling the transistorized control circuit. 


A contactless acceleration relay is illustrated in Pig. 11 (amininum 
current relay). The relay consists of a differential magnetic amplifier 
MA which is made up of two conventional irreversible magnetic ampli- 
fiers Ai and A2, The loads of the two amplifiers are the resistances r, 
and To 


+ Ty 2 
A2 
| Transis- 3 
= 
WA- Un torized 
trigger 4° & 
circuit 6 
Af 
Te 
Pig. 11. 


If the bias windings of the magnetic amplifier ere connected to an 
external source, then its characteristic, which passes through the 
origin at zero bias, is shifted to the left by an amount which depends 
on the bias current. Thus, in the absence of a control signal, the 
voltage across r, and r, is proportional to the bias current. its 
direction is such that the potential at point 1 (see Fig. 11) is posi- 
tive and that at point 2 negative. 
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On supply of the control signal J., if the magnetic flux produced by 
it is in the opposite direction to that produced by the bias current in 
the respective cores, then the resulting voltage U,, is reduced at the 
output of the magnetic amplifier. If the two fluxes are equal, the re- 
sulting voltage U,, is zero and if I, increases further the output volt- 
age reverses polarity. 


A transistorized trigger circuit can be made such that "changeover" 
takes place at zero input voltage. Then, if the current I, in the arma- 
ture of the traction motors is less than the current setting of the re- 
lay, the first triode of the circuit will be "off" and the circuit will 
be in a stable state. A reduction of the voltage at the input of the 
trigger circuit to zero, due to an increase in the control current J 
results in an abrupt increase in the current at the output of the 
circuit. 


y’ 


The magnetic amplifier of such an acceleration relay has been made 
with permalloy cores 7 x 20 x 28 mm. The re-setting ratio was 0.99. The 
variation of the relay setting was +t 2 per cent of nominal values in 
the presence of variations +t 10 per cent in the supply voltage at an 
ambient temperature of 50°C; at an ambient temperature of 20°C the 
relay setting variation was + 3 to — 0.8 per cent of nominal values. 
Variations within these limits are no greater than those occurring on 
existing electromagnetic acceleration relays. The proposed acceleration 
relay has been made insensitive to variation of the supply voltage by 
the use of a balance circuit which maintains the voltage difference 
across and constant. 


The relay setting is regulated by varying the bias current, but 
since the relay operates when the m.m.f.’s in the bias and control 
windings are equal, the operating point of the amplifier remains un- 
changed when the setting is adjusted. The relay setting can be regu- 
lated automatically by providing the relay with several control wind- 
ings which alter its setting when the load varies or slipping occurs, 
etc. 


From tests on an electronic simulator for a coefficient of non-uni- 
form starting K = + 10 per cent, a supply frequency of 400 c/s and 
adequate acceleration time, the operating time of the relay is about 
0.03 to 0.05 sec. 


The use of contactless acceleration relays in conjunction with con- 
tactless valve switches similar to that in Pig. 10 simplifies the whole 
system of control over the rheostat controller, since only one trans- 
ducer is required. 


The same principle can also be used to produce anxious current 
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relays such as overload relays and contactless maximum and minimum 
voltage relays. 


In conclusion, it should be noted that the foregoing contactless 
control circuits and relays can also be used throughout industry in 
electric drive control systems, particularly when the gear has to be 
switched on and off with great frequency. 


Translated by 0.4% Bluna 


1. 1.B. Bashuk and A.I. Khomenko; Auth. Cert. No. 113115, dated 12 
September 1957. 


2. 1I.B. Bashvh and A.I. Khomenko; Auth. Cert. No. 137136, dated 5 
April 1960. 
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THE DESIGN OF REACTOR-CONTROLLED 
SEMICONDUCTOR RECTIFIERS* 


G.P. MOSTKOVA and F.I. KOVALEV 
(Krzhighansk Electrical Engineering Institute) 


(Received 2 June 1961) 


There is now a need for a simple and accurate method of designing re- 
actor-controlled semiconductor rectifiers in view of the growing demand 
for this type of equipment. The design problem is two-fold in that 
attention must be paid to the system of reactor control as well as to 
the performance of the rectifier. 


One of the most promising reactor-controlled three-phase bridge 
rectifiers in illustrated in Pig. 1. It has satisfactory operating 
characteristics, and the reactors meet requirements as regards minimum 
control power, weight and size [1.3]. 


It must however be borne in mind that the modes of operation of re- 
actor-controlled rectifiers (RC rectifiers) depend on the condition of 
reactor magnetization and not on the number of alternately conducting 
"valves", as is the case with conventional rectifiers with "controlled" 
valves. The following four modes of operation can be distinguished at 
loads for which the duration of actual commutation y does not exceed 
60°: 


1. The next valve (rectifier) is triggered at the instant the 
e.m.f.’s of the two phases become equal. From this instant onwards the 
reactor is re-magnetized. Its main winding is connected in series with 
the "conducting" valve. In the interval wt from 0 to a the induction 
of the reactor varies from B,, which depends on the magnitude of the 
magnetizing current, to the saturation induction B,. The start of actual 
commutation of the operating current is delayed by the angle a which is 
equal to the duration of the period of reactor re-magnetization. The 
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rectified voltage is similar in shape to that of conventional recti- 
fiers with the control angle a. The first mode of operation is charac- 
teristic of loads for which a + y = 60°. 


Pig. 1. Main circuit of a reactor-controlled 
three-phase bridge rectifier: 


SRi- SR6 — saturable reactors; 
Bi-— B6 — silicon rectifiers; 
Ty — load current. 


2. The triggering of the next valve is retarded by the angle a), The 
magnitude of this angle depends on the load current. With increasing 
rectified current the angle @_ increases from zero to a certain angle 
@,* depending on the time constant of the particular rectifier. The re- 
actor is re-magnetized in the period a, to a’, where a’ is the actual 
control angle of the rectifier. Under these conditions a’ is greater 
than the duration of reactor re-magnetization and greater than c. 


This second mode of operation changes into the third or fourth modes 
of operation at loads for which a, attains particular values, i.e. the 
third mode sets in when a, = a,* and a’ + y = 60+ a,*, whereas the 
fourth mode sets in when a, = a,‘*), 


3. The triggering of the valves takes place with an angle of lag a,* 
which is independent of the load current. In this mode of operation the 
control angle a’ exceeds the angle a and the duration of reactor re- 
magnetization. The boundaries of the third mode are: y < 60° and 
a’ < 

4. The next valve is triggered at the instant wt « 0. The 
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Semiconductor rectifiers §11 
re-magnetization of the reactor takes place by a linear voltage, but 
the reactor voltage decreases in the interval of actual commutation of 
the valve in the opposite arm of the phase in question. Re-magnetiza- 
tion is therefore prolonged. The control angle a” is equal to the dura- 
tion of reactor re-magnetization, but greater than a. 

A detailed analysis of the modes of operation of reactor-controlled 
rectifiers (with "non-controlled" valves and non-linear anode induc- 
tances) has already been published in Russian[1]. The main formulae 
for each mode of operation are reproduced in Table 1. Reference should 
also be made to the comprehensive glossary of notation at the end of 
the paper. 

These formulae were derived on the following assumptions. The self- 
capacitances and resistances of the circutt were ignored. It was assumed 
that the characteristics of the individual rectifiers were ideal and 
that the rectified current was ideally smooth. The inductance of the 

YEAR reactor on re-magnetization was assumed to be slightly greater than the 
1961 ‘ leakage inductance of the transformer. The current in the main winding 
of the reactor on re-magnetization was regarded as negligible compared 
with the mean value of the rectified current. Finally it was assumed 
that no ripple occurred in the current in the reactor magnetization 
windings. 
Rectifier performance 

The main operating characteristic of a rectifier is that which re- 
presents the mean value of the rectified voltage as a function of the 
mean rectified current at a given control current. 

An analysis has already been made of electromagnetic phenomena in 
reactor-controlled rectifiers. It was found that the equation for the 
relationship between the mean value of the rectified voltage on the one 
hand and the control and actual commutation angles on the other is 
exactly the same for reactor-controlled rectifiers as for conventional 
rectifiers: 

cos a’ + cos (a’ 
U, =U, ty (1) 

Since the commutation equation is the same for all modes of opera- 
tion (see Table 1), equation (1) can be written in the form 

U,=cosa’— , (2) 

eer 
where 
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Substituting in (2) the values cos a’ = f(By, 14) or cos a’ = f(a,14) 


from Table 1, it is possible to form equations for individual sections 
of an operating characteristic corresponding to the various modes of 
operation (see Table 2). 


Each of these modes of operation is possible over a particular range 
of values of the load current and angle a, i.e. there is a correspond- 
ing section of the characteristic U*,= f(14) for each mode of opera- 
tion. 


Figure 2 shows the cperating characteristics and mode boundaries as 
calculated by the formulae in Table 2. Each curve corresponds to a 
particular initial value of By. 


For illustrative purposes and in order to compare RC rectifiers with 
conventional systems, the corresponding angles a of By are plotted in- 
stead of B,. 


00s 0 02 C2 03 035 09 a5 00 0” 


Pig. 2. The operating characteristics of a rectifier 
for x°,/zy = 1 (continuous line) and /zy = 0 
(broken line); (-.-.-.- mode boundaries). 


It will be seen from Table 2 and Fig. 2 that the rectified voltage 
can be regulated within wide limits in RC rectifiers by varying the 
magnetization current. Here the shape of the curves depends to a con- 
siderable extent on the relationship between the reactances of the valve 
and phase circuits. If the phase reactance x°. is much less than the 
"valve" reactance x, (see glossary at end of the paper), the character- 
istics of RC rectifiers will be the same as those of conventional 
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rectifiers. If z*, >> x,, this will only be the case in the first mode 
of operation (i.e. when a + y < 60°). In the other modes of operation 

(with large load currents and a large degree of control of the recti- 

fied voltage) there will be a marked difference in the characteristics 
of the rectifiers. 


These formulae have been checked by tests on silicon rectifiers and 
saturable reactors with toroidal cores of permalloy-type material. The 
calculations and tests were both made for x°,/*¥ = 0.905. A smoothing 
inductance was included in the load circuit. 


The calculated curves and test results are shown in Fig. 3. It will 
be seen that quite good agreement is obtained. The error is within 15 
per cent as regards the voltage. Similar results were obtained for re- 
actors with magnetic circuits made from cold-rolled steel. 


= 


0.24 032 O40 O48 O56 O64 


Pig. 3. Operating characteristics of a silicon rectifier: 
- calculated characteristics; x - experiment- 
ally determined points (rectified current smoothed); 

© - experimentally determined points on active load). 


The proposed formulae can also be used for the design of large three- 
phase rectifiers with active loads. Figure 3 shows that the error is 
still of the same order even with a smoothing inductance in the load 
circuit. However, it is the purpose of this paper to consider the per- 
formance of the equipment under conditions of forced reactor nagnetiza- 
tion, i.e. when the current harmonics of the wagnetization circuit are 
suppressed. But even if no large resistance is present in the control 
circuit, only multiples of the sixth harmonic can occur there, and 
therefore the rectifier in practice operates as if even harmonics were 
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suppressed [4]. Consequently, the proposed formulae are equally appli- 
cable to cases when the resistance in the magnetization circuit is 
small. Tests have confirmed that the only error occurs in the third 
mode of operation (i.e. on overload) when the slope of the actual 
characteristics is less than that obtained by the calculations. 


The control characteristic 


The control characteristic represents the relationship between the 
mean value of the rectified current (or output voltage of the recti- 
fier) and the magnetization current for a given load impedance. 


The equation of the control characteristic is obtained by substitut- 
ng Tyr/U go for U*, in formula (2) 


(3) 
19¢ 


lin 


The equation of the control characteristic for euch mode of opera- 
tion is formed by substituting the appropriate value of cos a’ in equa- 
tion (3) (see Table 3). 


The value of cos a depends on the initial induction B in the cores 
of the reactor and therefore depends on the magnetization current. 


This relationship can be found graphically by defining various 
values of the magnetization current and using the hysteresis loop and 
the equation cos a = (1 - Qwu/E,,, x 10°) (B, - By). The control 
characteristics are then plotted from the formulae in Table 3. 


But if the hysteresis loop of the core material can be represented 
approsiwately by short straight-line sections, the magnetization 
current can easily be expressed analytically: 


B — B,= (2+) 


The coefficient v = //,/|H,| defines the intensity of the magnetic 
field corresponding to the bend in the hysteresis loop. Thus, for a 
linear approximation of the hysteresis loop, the formula for cos a 
takes the form 


<= COS a’, 
r-+ 
where 
ty. 
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k 
cosa==1— ly— (2+) 
where 
Que 
48,,, - 


Analytical expressions are then found for the sections of the control 
characteristic corresponding to the different modes of operation by 
substituting the expression cos a = fd,*) in the formulae in column 1 
of Table 3. The equations in column 2 are the result. The third column 
shows the relative values of the load currents at which one mode of 
operation changes into another. 


It will be seen from the curves in Fig. 4 (rectifier operating 
characteristics and load lines for limiting resistances at rectifier 
output) that the contro] characteristics do not always pass success- 
ively through all four modes of operation. The sequence depends on the 
load resistance and the design of rectifier. The limiting loads are 
calculated as the ratio of the output voltage to the current at par- 
ticular points on the boundaries between modes. 


Fig. 4. The domain of the rectifier operating characteristics. 


Figure 5 illustrates the formulae in Table 3 by a number of calcu- 
lated control characteristics. The curves are plotted for /xy =] 
and a linear approximation of the hysteresis loop (vy = - 0.5). 


Figure 6 shows the calculated control characteristics of the recti- 
fying system in Fig. 1. The continuous curves have been plotted by the 
graphical-analytical method from the actual hysteresis loop of the core 
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fig. 5. The control characteristics of the rectifier. 


a 


0 oz av A 


Pig. 6. Control characteristics of a silicon rectifier: 

- = = = calculated curves with linear approximation of the hysteresis 
leop of the reactor cores; - characteristics plotted by a 
erephical analytical method from the actual hysteresis loop; x - 
test points (the upper ones correspond to r= 10 1 and the lower 
ones to r= 509). 
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materials. The broken curves are from the expressions in Table 3 using 
the linear approximation of the hysteresis loop. Experimentally-deter- 
mined points are also marked on the diagram. The discrepancies are due 
to the use of the maximum dynamic hysteresis loop in the calculations. 
In fact, the re-magnetization of saturable reactors follows special 
loops which are narrower than the maximum loops, so that the calculated 
values of the control current are higher than those found experiment- 


ally. 


The minimum load current 


In analysing the various modes of operation and plotting the operat- 
ing characteristics it was assumed that the current in the operating 
windings of the reactors on re-magnetization was zero. But, in fact, 
currents do flow in these windings, and their magnitude depends mainly 
on the slope and width of the dynamic hysteresis loop. Since the re- 
actor cores are made from high-quality materials with practically ideal 
magnetization curves, it follows that these currents are small and have 
a negligible effect if the load current is greater than a certain 
minimum value Ty ein’ BUt if the load current I, 1s less than Ty. = 
the electromagnetic phenomena and shape of the operating character- 
istics are affected accordingly. The loads for which 0 < Ty < I, _ 
(see the thin vertical line in Fig. 2[sic ]) are non- ~cueaebaeaale 

To determine the magnitude of Ty. — it is necessary to consider the 
performance of the rectifier for r = 0. In this mode of operation the 
current through the load only depends on the reactor re-magnetization 
currents. It will be seen from the curves in Fig. 7 that in this case 
the six rectifiers have a constant mode of operation. The rectified 
current is therefore equal to the sum of the currents in the operat- 
ing windings of the three reactors in one arm of the bridge. The 
magnetization of one of the reactors (e.g. SR1) is finished at the in- 
stant wt = a. Partial magnetization of the reactor (SR3) in the next 
phase of the same arm is “completed” at the same time [1]. Since a 
mode of operation is under consideration with the rectifier completely 
regulated and r = 0, the magnetization of the reactor (SR5) of the pre- 
ceding phase begins at the instant wt =< a. The magnetic states of the 
reactors at the instant under consideration have been marked on the 
hysteresis loop in Fig. 7. (The various reactors SR1 to SR6 are indi- 
cated by subscripts 1-6 in the notation for the magnetizing currents): 


i,,=(2+y)1 


520 Semiconductor rectifiers 


Reference should be made to the glossary of notation at the end of 
the paper for other symbols. 
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Fig. 7. The rectified voltage, the currents in the operating 
windings of the reactors, the voltages on the reactors and 
the hysteresis loop of the reactor cores for r= 0. 


The current in the operating winding of the reactor is 


The minimum rectified current |, .. is then found by adding the 


d.min 


currents in the operating windings of the three saturable reactors in 
one arm of the bridge (i.e. SRi, SR3 and SR5): 


where 
z 
, 
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It is obvious that for a completely regulated rectifier 


~2(2 


By definition 
tein 8-27(1 0.52¥) 1, — 6.6 (1 H,. (4) 
7 
The minimum rectified current of large rectifiers is about 2 to 6 
per cent of its rated value*. 


Design of the reactors 


The voltage drop on re-magnetization of the reactors depends on the 
value of a in the cores, the number of turns in the operating 
windings and the cross section of the core. The degree of regulation of 
the rectified voltage likewise depends on these factors. Knowledge of 
the relationship between the maximum degree of regulation and the volt- 
age on each reactor is necessary for design purposes, Strictly speaking, 
this relationship can be found if the modes of operation of the recti- 
fier covered by the "domain of regulation" (see Fig. 8) are known. But 
this implies that the operating characteristics of the rectifier are 
known, whereas they can only be constructed from the design of the re- 
actor. The problem of reactor design can, however, be solved with 
sufficient accuracy for practical purposes if it is assumed that all 
the operating characteristics are a set of straight lines within the 
control domain described by the equation U, = Uj) cos a - 3/nxyIy The 
operating characteristics are obviously straight lines described by 
this equation if the control domain only covers the first mode of 
operation and if x, >> x’). However, if x, is commensurate with x’, and 
the control domain covers other modes of operation besides the first, 
then the stated assumption slightly over-states the reactor criteria. 
The error can, however, be adjusted later in the calculations. 


The formula for the rectified voltage is obtained by the expression 
which links the control angle with changes in induction AB = B, ~ B,: 


* When operating into an active load lg cis is slightly less. 
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U, =U — Qw,eSB-10-*— — 1x, 


U 


+ AU, —AU.., (5) 


ay 


Hence it follows that the variation of the voltage at the output of the 
rectifier AU, = Uy - U; depends on the voltage drop in the reactor 
AU,, and the commutation voltage drop AU,,. The quantity AU), repre- 
sents the degree of regulation of the rectified voltage. The variation 
of induction is a maximum if the degree of regulation is also a maximun. 
The formula for Qw then takes the form 


(°) 


This expression is the main forwula for designing the reactor accora- 
ing to the desired degree of regulation of the rectified voltage. 


The quantity \B depends on the quality of the core material and 
the construction of the core. The best magnetic properties are possessed 
most consistently by "interleaved" solid cores with "strengthened" 
yokes which have been [| literally in the Russian | “charged in the well'* 
{5 ]. It is advisable to select the operational range of variation of 
the induction of the reactor in large rectifiers so as to make full use 
of the hysteresis loop. This makes for the highest possible power 
fector. But the increase in AB... is restricted by the requirement of 
winimum control power. Quite good results can be obtained by taking 
AB... = 2B,, where B, is the induction at the intersection of the de- 
scending and ascending portions of the dynamic hysteresis loop. In this 
case AB is about 30,000 to 32,000 G for grade E-330 cold-rolled 


electrical steel. 


The maximum degree of regulation which the reactors must ensure is 
sometimes known beforehand. This quantity is then entered in formula (6). 
If however the rectifier has to meet requirements regarding the sta- 
bility of the output voltage or current under varying load or supply 
voltage conditions, or if particular operating characteristics are re- 
quired, the value of (AUG) cox can then be calculated by the formula 
(see Pig. 8) 


(7) 


soe 
nee 


* Possibly a reference to annealing in a soaking pit. 
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The quantity e,y % has to be estimated first, and its value checked 
later after analysis and rough drawings have been made. If necessary, 
the reactor must be designed for a new value of C,y % 
cent. 


\ 
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Pig. 8. The requisite operating characteristic and the domain 
of regulation (the shaded area). 


The cross section of the magnetic circuit Q and the number of turns 


in the operating winding v, depend on the requirements to be met as re- 
gards minimum loss, weight and dimensions. 


The following equation can be used for the number of turns in the 
control winding: 


1.25w 


Here it must be borne in mind that wide variation of the magnetiza- 
tion current is required between Oe ae and ce in order to make 
full use of the hysteresis loop. If, however, a change in the direction 
of the current in the magnetization winding is undesirable or impossi- 
ble, the magnetization winding can be divided into two windings, 
namely, a control winding and a bias winding, which is supplied by 
current +/, |... In this case the current in the control winding 
varies between 0 and -2/] value of for "interleaved" solid 
cores of grade E-330 electrical steel is 2 to 3 oersted. 


Another factor in the design of the control winding is the voltage 
induced in it during re-magnetization of the reactor: 


sin wf, 
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This voltage attains its maximum value under conditions of maximum 


regulation, i.e. when and a= The maximum value of 


the control] angle is given approximately by the expression 


U, wis 
Then, by definition 
(4 op wax sin (10) 


Strictly speaking, the angle (a° + y + 5) should be substituted for 
wt in formul~ (9) in order to determine the maximum voltage on the 
magnetization windings. But this can only be done after constructing 
the operating characteristics and determining the control zone (see 
Pig. 8). Por draft projects use may be made of forwila (10). The value of 


Ce can be stated wore precisely later. 


Thus the nuwber of turns in the magnetization windings can be found 
by formulae (8) and (10) according to the desired contro] current or 
@aximum permissible voltage on the magnetization windings. 


Reactor power 


The weight and diwensions of saturable reactors inevitably depend on 
the equivalent rating of the reactors, as well as on the maximum volt- 
age and the effective value of the rated current in the reactor wind- 
ings. In its turn the equivalent rating depends on the shape and operat- 
ing time of the voltage in the reactor windings and is defined (by 
analogy with conventional transforwers) as the average of the products 
of the effective value of the current of each winding, times the equi- 
valent e.m.f. [6]. The equivalent e.m.f. is that sinusoidal voltage 
which, on being applied to a particular reactor, will cause its complete 
re-magnetization (from — 8, to + By) during a half-period. It is calcu- 
lated by the forsula 

\ Usp dwt. 
: 

Here, in order to determine the reactor voltage, it is necessary to 
use an expression for it at load currents close to the miniwum value of 
the rectified current (practically on no load of the rectifier). In 
this case the reactor voltage can be represented in the following form 
at any magnetization current: 


Siti, 
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where 
0 wf = 
Then 
| = cosa...) 
Considering that 
- COS = (QU, 
the formula for the equivalent e.m.f. is 
V2? (Al da 


In calculating the effective value of the current in the main wind- 
ing of a reactor it can be assumed that the current flowing through the 
rectifier is rectangular in shape, even though this tends to over-state 
the calculated values of the current and equivalent rating by 4 to 5 
per cent. For the circuit under consideration in this article, the 
current in the main winding of the reactor is 
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le 
The maximum value of the magnetization current, referred to the main 
winding, does not exceed 5 per cent of the current in the main winding 
for large rectifiers using a circuit with internal feedback. It can 
therefore be assumed in the derivation of the formula for the equi- 
valent rating of a saturable reactor that . 2 = 0.05 I 


The equivalent rating of the six reactors as a percentage of the 
power of the supply transformer is 


Ug 
Substituting the expressions for E,, I, and I’, in this formula: 


VT 
Pia 1.05 100°/,. 
The quantity 


) 
*100°/,=(AU,, ) 


is the maximum degree of regulation of the rectified voltage as a 
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Percentage of the no-load voltage of the rectifier. Consequently, the 
equivalent rating of the six reactors in the rectifier system under 
consideration is a linear function of the desired degree of rectified 
voltage regulation. 


If 100 per cent regulation of the rectified voltage is required over 
a wide range of load currents (from J, .;, to I, ...), the equivalent 
rating of the saturable reactors is a maximum and is about 65 per cent 
of the supply transformer rating. 


Glossary of notation 
AB,,, — the maximum change in induction in the reactor core 


_ — the amplitude of the line voltage in the LT winding of 
the transformer 


€,5% — the total rectified voltage drop as a percentage of 
its rated value 


U; — the mean value of the rectified voltage 
Ugo — the mean value of the rectified voltage on no load 
Us. see ~ the rated rectified voltage 


(Ugg) +AU, — the no-load voltage of the rectifier with an increase 
in supply voltage 


Usp — the voltage on the main winding of the reactor (in- 
stantaneous value) 


U’ cp — the instantaneous value of the voltage on the magnet- 
ization winding of the reactor 


A, — the intensity of the magnetic field corresponding to 
the kink in the linear approximation of the hysteresis 
loop 


H, - the coercive force of the dynamic hysteresis loop of 
the reactor cores 


a — the intensity of the magnetic field corresponding to 
the maximum magnetization current 


I, — the effective value of the current in the main winding 
of the reactor 


isc 
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the mean value of the current in the magnetization 
winding referred to the main winding 


the mean value of the rectified current 
— the magnetization current in relative units 
— the maxinum value of the magnetization 
— the rated rectified current 


— the load current corresponding to the minimum desired 
value of the rectified voltage 


the instantaneous value of the current in the main 
winding of the reactor 


the length of the middle magnetic line of the reactor 
core 


the number of turns in the magnetization winding 

the number of turns in the main winding of the reactor 
the active cross section of the reactor core, cm? 
the load resistance 


the total reactance 


the referred phase reactance, including the leakage 
reactance of the transformer and system 


the reactance of the reactor in the saturated state 


the duration of the magnetization of the reactor on 
condition that the winding voltage varies according to 
the law _ sin wt in the interval from 0 toa 


a, — the angle of delay in triggering the alternate valve 


a,* — the angle of delay at which the third mode of operation 
begins 


a” — the control angle of the rectifier 


a’, — the control angle at which the third mode of operation 
changes into the fourth 
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a{*) — the angle of delay at the boundary of the second and 
fourth modes 


y — the actual commutation angle 


Translated by 0.M. Blunn 


REFERENCES 


1. G.P. Mostkova and F.I. Kovalev; Izd. Akad. Nauk SSSR, Elektroener- 
getika, No. 4 (1961). 


H.F. Storm and C.W. Plairty; Communication and Flectronics, No. 1 
(1960). 


W.H. Moore; New techniques in designing three-phase magnetic anpli- 
fiers. Amer. Inst. elect. Engrs. (1957). 


M.A. Rozenblat; Magnetic amplifiers (Magnitnye usiliteli), Part II. 
Sov. Radio (1960). 


P. Kratz and A. Lang; AEG Mitt., No. 8/9 (1959). 


Yu.G. Tolstov; The use of saturable reactors in installations for 
d.c. transmission (Primeneniye nasyshchayushchikhsya drosselei wv 


ustanovkakh dlya peredachi energii postoyannys tokom). Izd. Akad. 
Nauk SSSR (1951). 


YEA 
196 


YEAR 
1961 


HOW THE POST-BREAKDOWN VOLTAGE ON 
AN ARRESTER DEPENDS ON THE LENGTH 
OF THE CURRENT WAVEFRONT* 


V.I. PRUZHININA-GRANOVSKAYA and V.A. VOL’ KENAU 
(Lenin All-Union Electrical Engineering Institute) 


(Received 28 March 1961) 


Recent improvements in the performance of valve arresters have resulted 
in lower insulation levels on transformers and other gear. 


The surges which follow lightning strokes differ in duration and may 
be very short. The insulation is accordingly designed for voltage wave- 
fronts of approximately 1 to 2ysec. 


But the "standard" post-breakdown voltages of valve arresters have 
been calculated for current wavefront lengths of about 10, sec owing to 
the relative simplicity and accuracy of the measurements, even though 
the arrester may be affected by current wavefront lengths r , of less 
than 10, sec in operation[1]. This situation has been recognized in 
the regulations governing surge protection where post-breakdown volt- 
ages are specified for r, of 3 to Sysec. 


Use is at present made of two types of non-linear resistors in Soviet 
valve arresters. "Vylite"** resistors are used in lightning arresters 
and “tervite"** resistors in "combined" arresters for protection from 


* Elektrichestvo, 10, 53-54, 1961. 


** These types of arrester are considered in an article translated in 
this journal from Elektrichestvo No. 4, 1961. Vylite is a ceramic 
material which consists of SiC + clay and graphite. Tervite is an- 
other special type of material used for non-linear arresters 
(Translation Editor). 
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internal surges as well as lightning strokes. The electrical character- 
istics of these two types of resistor are quite different, and the same 
applies to the relationship between their post-breakdown voltage and the 
current wavefront. 


The effect of the current wavefront on the post-breakdown voltage is 
essentially as follows. At a given current the voltage on the resistor 
depends on the temperature of the inter-grain contacts owing to the 
high temperature coefficient of resistance of carborundum. This rela- 
tionship determines the looped shape of the dynamic voltampere charac- 
teristic of operating resistors and the relationship between the post- 
breakdown voltage and the length of the current wavefront. Since the 
temperature coefficient of resistance of carborundum is negative, it 
follows that the post-breakdown voltage decreases with increasing length 
of the wavefront. 


The variation of the post-breakdown voltage Ul with a reduction in 
the length of the wavefront depends on the "density" of the impulse 
current as well as on the properties of the resistor. For arresters made 
by the American firm of Westinghouse |3 |], the residual voltage at 10kA 
for r of 3msec is 12 per cent greater than that for r, = 10sec. For 
the Swedish 380 kV arrester, the post-breakdown voltage at 8 kA is 10 
per cent higher for a current wavefront slope of 3 kA/ msec than for 

1 kA/j sec. The post-breakdown voltage at 10 kA on the vylite resistors 
of Russian RVS arresters in production up to 1950 was increased 6 to 7 
per cent by a reduction in the length of the current wavefront from 10 
to 5usec (5 }. 


For the RVS arresters now in production, the post-breakdown voltage 
U’ is 4 and 6 per cent higher respectively for r, = 5 and 3, sec than 
for r= 10sec. 


This paper presents the results of investigations into the relation- 
ship between the post-breakdown voltage and the length of the current 
wavefront for tervite and vylite arresters in modern Soviet lightning 
arresters. The measurements were taken on tervite and vylite discs 70am 
in diameter and 20 mm thick for r = 3, 5 and 10ysec at 2.5 and 10 kA. 
The changes in the post-breakdown voltage AU” for r, < 10sec are ex- 
pressed as percentages of the post-breakdown voltage U), at r »= 10 
p sec: 


The figure is about 2 to 3 per cent, especially at low currents. 
This requires great accuracy in measuring WU’. The error depends on the 
slope of the impulse current and must be minimized. 
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The figure is about 2 to 3 per cent, especially at low currents. 
This requires great accuracy in measuring U’. The error depends on the 
Slope of the impulse current and must be minimized. 


AU’7U" 


Fig. 1. The post-breakdown voltage on an arrester with 
vylite resistor discs 70 mm in diameter and 20 mm 
thick as a function of the length of the 
current wavefront: 


= 5 kA. 


1- I = 2.5 kA; 


max 


To achieve an acceptable degree of accuracy, use was made of com- 
pensation for the main part of the voltage to be measured so that a 
voltage of about 15 per cent of a was recorded on the oscillogram. 
Thus the oscillogram sensitivity was about 20 V/mm at values a equal 
to 3-5 kV. An impedance voltage divider was set up at the oscillograph, 
but its resistance was sufficiently low to avoid errors due to the 
capacitance connected in parallel with the lower arm of the divider 


(the time constant of this circuit did not exceed 3 x 10-®sec). 


Figure 1 shows the ratio AU’/U’,, as a function of r, for vylite 
discs. The experimentally-determined values of AU’/U’,, agreed satis- 
factorily with previous results. Thus, a reduction in length of the 
current wavefront fro’ .) to 5y¢sec at 5 kA resulted in a 3.8 per cent 
increase in the post-breakdown voltage on the discs 70 mm in diameter 
(this is equivalent to a 10 kA current through resistors 100 m in dia- 
meter for RVS arresters). 


Figure 2 shows the curves for AU’/U’,, = f,(r,) in respect of 
tervite discs 70 mm in diameter and 20 mm thick at 2.5, 5 and 10 kA. It 
will be seen from a comparison of Figs. 1 and 2 that the variation of 
the post-breakdown voltage is greater on vylite discs than on tervite 
discs given the same current density. There is only a comparable change 
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Fig. 2. The post-breakdown voltage on an arrester with 
tervite resistor discs as a function of the length 
of the current wavefront: 


i- J = 2.5 kA; 
eer 


= Ska; = 10 kA, 


in U’ on both types of disc if the current density is approximately 
halved on one of them. The increase in AU’/U'\6 with an increase in 
the length of the current wavefront adversely affects the non-linearity 
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Pig. 3. The post-breakdown voltage on an arrester with 
tervite discs 70 mm in diameter and 20 wm thick as 
a function of Joes? 


34 sec; 
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a of the resistor at large currents if ris decreased. The correspond- 
ing data for tervite discs at 2.5 to 10 kA is given below. 


r, a 
3 0.208 
5 0.190 
10 0.173 


Figure 3 illustrates the relationship between the post-breakdown 
voltage and the amplitude of the current impulse. These curves provide 
and estimate of AU’/U’,, in combined arresters in which tervite discs 
are used. Thus, for example, the post-breakdown voltage changes about 3 
per cent on a 500 kV arrester at standard impulse current density if the 
length of the current wavefront is reduced from 10 to 3, sec. 


Translated by 0.M. Blunn 


REFERENCES 
1. E. Beck; Trans. Amer. Inet. elect. Engrs. 70, pt. II, 1134 (1951). 


2. HKeguiations for the surge protection of electrical a.c, equipment 
3-220 kV (Rukovodyashchiye ukazaniya po zashchite ot perenaprya- 
thenii elektrotekhnicheskikth ustanovok peremennogo toka 3-220 kv). 
Gosenergoizdat (1954). 


3. A.M. Opsahl and N.K. Osmundsen; Westinghouse eng., 3, 88 (1957). 


5. A.I. Piryazeva; Proceedings of the scientific conference on over- 
voltages (Trud. nauchno-tekh. sessii po perenapryzheniyas), 
p. 185, Gosenergoizdat (1950). 


SSS 
YEAR 
1961 | 
4. <A. Rusck and B.G. Rathsman; ASEAJ, 26, No. 3-4, 67 (1953). 


DISCRIMINATIVE EARTH-FAULT LNDICATLION* 


V.V. SHUT’ 
(Odessa) 


(Received 10 August 1960) 


No device has hitherto been perfected for discriminative earth-fault in- 
dication in compensated three-phase high-voltage networks. Previous 
attempts to develop such a device have not produced satisfactory results. 


In 1936 Neigebauer [1] proposed an electronic device which deter- 
mined the fault direction from the sign of the first half-wave of the 
transient current. The device was not reliable in operation owing to 
the rapid ageing of the valves as a result of the permanently heated 
state of the cathodes. It was also necessary to re-adjust the circuit 


when replacing valves. Maranchak [2 | improved this system in 1955 and 
evolved a method of designing its individual parts, but the main dis- 
advantages remained. 


In 1956 Darchenko and Stepnov [3] proposed the use of an electro- 
magnetic relay which used a restraint winding which took the sign of the 
first half-wave of the earth current into account. This method can be 
employed successfully at remote points from supply sources where the 
frequency of the transient current is low. But experience has shown that 
it is unsuitable for power stations and large substations since the de- 
vice is non-selective when the frequency of the transient current is 
high. 


In 1958 Raik [4] developed a "manually-operated” device for deter- 
mining the direction of the fault in which the sign of the active con- 
ponent of the earth current was tested and compared alternately. This 
device did not satisfy elementary requirements. 


In 1959 Kalendo proposed the use of a aystem of polarized relays but 


* Blektrichestvo, 10, 68-71, 1961. 
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none have as yet been made which will operate after the first half-wave 
of the transient current (a fraction of a millisecond). 


In this paper a description is given of a device, proposed by the 
author, which has been tested in the Odessa power system. The device 
uses the transient currents in the system during the first few instants 
after an earth fault. 


Earth faults may occur because of a gradual deterioration or sudden 
rupture of the insulation. In either event the rate of voltage build-up 
at 50 c/s exceeds the rate at which the earthed object "approximates" 
the phase, so that in the overwhelming majority of cases the breakdown 
occurs at an instantaneous value of the phase voltage which is 70 per 
cent or more of maximum, i.e. the capacitance of the network under fault 
conditions is almost completely charged at the instant the breakdown 
occurs. 


The discharge of this capacitance after the earth fault is a decay- 
YEAR ing oscillatory process. Numerous tests have shown that the decay time 
1961 5 constant in modern networks is approximately 0.285 wp. 


In designing the system of protection it is important to know the 
frequency f, of the oscillations in the discharge process. It can be 
found from the following formula 


V 


where L is the inductance across which the capacitance of the fault 
phase is discharged, C the phase capacitance, and R the resistance into 
which the discharge takes place. 


Ignoring the resistance and assuming that the inductance L is equal 
to the inductance of the reactor, and that the voltage on the bus bars 
is not reduced during the short circuit, then 


U 


where I, is the steady-state short-circuit current at the earth point 


and, furthermore 
Consequently 
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(easily determined by a network analyser, an analogue of the network or 
by analysis); le is the earth-fault current in the absence of compensa- 
tion, defined as the sum of the earth and arc-quenching coi] currents 
for under-compensation, or as the difference between those currents for 
over-compensation; and f is the supply frequency. 


Oscillograms taken in numerous experiments have shown that formula 
(1) produces accurate results in spite of its simplification. 


The current discharges from the capacitance of the non-faulted con- 
nexions across a zero-sequence current transformer 7~SCT into the bus 
bars, and then across another zero-sequence current transformer in the 
direction of the actual point of the earth fault. The discharge current 
across this second transformer is in the opposite direction to that 
across the first transformer, regardless of the sign of the charge in 
the phase where the fault has occurred. The direction of the discharge 
current across the transformers in any half-wave can be used to deter- 
mine the faulty connexion. The most convenient half-wave for this pur- 
pose is the first one, since it is in this half-wave that the amplitude 
of the current is greatest. The filter illustrated in Pig. 1 is a very 
convenient device for isolating this half-wave. 


Pig. 1. 


On flow of the decaying sinusoidal oscillatory discharge current 
through the zero-sequence current transformer, the capacitor C’ is so 
connected that the voltage to the secondary winding of the transformer 
is always the same in sign. 


At the first instant after the earth fault, u, is greater than Uc 
and the capacitor is charged from the transformer (ZSCT) via the re- 
sistance r, and rectifiers J, [J] and V, or via resistance r, and the 
rectifiers JJ, IV and VI, depending on the sign of the discharge 
current. The current across either of these resistances is quite large 
in the first instant and the potential difference between their 
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terminals is comparatively large. This process continues until Uy = Ue 


AS soon aS uy < uy, a rather small current flows into Fo (or ry) 
which depends on the difference between Uy and Uc. the large resistance 
of the three series-connected rectifiers and the output resistance r 
(or r,). In this situation the capacitor is slightly discharged and its 
voltage is reduced, so that in the second half-wave the voltage U, may 
again be greater than u,. But this difference will be very small and 
the current through r, (or r,) will also be small accordingly (see 
Fig. 2). 


Fig. 2. 


Tests have shown that a voltage surge occurs in the first half-wave 
at the output of r, (or r,) which in amplitude is equal to 
Ie 
U=Y WwW, K, 


where U, is the effective value of the voltage across the secondary 
winding of the transformer, found experimentally by passing a current 
I, at a frequency fy (close ta f,) through the secondary winding of the 
current transformer; K is the characteristic of the filter: 


K = d[e~™ (cos +-psin — 


ti) = > 0.285w,; 
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The filter characteristic K is between 0.35 and 0.25 at the frequency 
fy 1f r = 1000 2 and C’ = 0.5 nF. When Uy < Uc, the “noise” voltage at 
the output is 


where ro is the back resistance of one rectifier, and n the number of 
series-connected rectifiers in one arm of the bridge. 


Tests have shown that the filter reliably isolates the first half- 
wave of the non-decaying voltage as well as the decaying voltage. 


In the presence of an earth fault a voltage is seen instantaneously 
across r, Or ry, depending on the sign of the first half-wave of the 
capacitor discharge current through the zero-sequence current trans- 
former. This voltace does not appear across the same resistance in the 
direction of the fault as in the opposite direction. The voltage across 
either of the output resistances is supplied to the cathode and ignitor 
of one of the non-filament thyratrons in which there is always a volt- 
age between the anode and cathode (see Fig. 3). 


4 


Qne version of the indication device is intended for use in conven- 
tional substations in which personnel are on duty. The device has a 
number of “cells” such as that illustrated in Pig. 3. The thyratron 
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itself is quite a good indication device. The thyratrons are arranged 
in two rows (Fig. 4), two thyratrons for each direction (one in each 
row). An upper thyratron lights up during the first half-period if the 
discharge current is away from the bus bars. A lower one lights if the 
current is towards the bus. The thyratrons light in different rows de- 
pending on the direction of the discharge current. The signal is acknow- 


ledged manually by the duty personnel. 


| 


Fig. 4. 


The signal may also be transmitted from fully automatic substations 
to a central despatcher point by television. However, in this case the 
signal cannot be repeated indefinitely until acknowledged unless the 
system illustrated in Fig. 5 is adopted. This system is also able to 
transmit signals by conventional telecommunication equipment as well as 


by television. 


Pig. 5. 


In this system the discharge current i in the first period is com- 
pared with the zero sequence voltages Uy, which are always identical in 
the direction towards the fault. 


The zero sequence voltage comes to the upper or lower row of 
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indicator relays depending on its sign. The indicator relays only 
operate in the row to which u, is applied and only for that direction 
f.r which one of the thyratrons has fired. If the outgoing zero sequence 
voltage leads of the filter are correctly connected, this combination 
of events will only occur at the faulted connexion. 


All the anode circuits are supplied via a common relay which has 
normally closed contacts which only open after a time lag. This relay 
disconnects the thyratrons for sufficient time to allow the indicator 
relays to operate and the capacitors of the filters to discharge. Re- 
peated operation is therefore possible in the event of intermittent 


faults. 


Only the earth-fault signal of a particular substation can be trans- 
mitted to the central despatcher point. On receipt, service engineers 
are sent to restore the supply, disconnect the section with the fault 
and to carry out the necessary inspection and repairs. Use is made of 
indicator relays with signal flags which drop down and cannot return of 
their own accord. 


Operating experience has shown that simultaneous intermittent earth 
faults in different directions are highly improbable, so that the 
simpler and more reliable system illustrated in Fig. 3 should be used 
wherever possible. But even the system shown in Fig. 5 is not particu- 
larly complicated. It consists of ordinary electromagnetic relays. No 
special requirements have to be satisfied as regards operating, since 
they only have to operate in a quarter of a period of the operating 
frequency (50msec). Numerous relays such as the ET, ES and ESh types 
operate three to four times as fast. 


The proposed earth-fault systems differ from the earlier system of 
Neigebauer and Maranchak in that the first half-wave of the transient 
current is isolated by a special filter and not by "cutting off" the 
circuit. The proposed systems differ from those put forward by Darchenko 
and Stepnov in that they react to the direction of the current in the 
first half-wave and are practically independent of amplitude so that 
the effective range is much wider. Performance is independent of the 
operating speed of mechanical relays, which is not the case with the 
systems proposed by Kalendo, Darchenko and Stepnov. 


Ordinary batch-produced items and economical non-filament thyratrons, 
semiconductor diodes, etc, are used. 


The author has thoroughly tested the systems and all that has been 
written about them in this paper is authentic. The equipment has shown 
itself to be simple, selective and completely reliable. 


by 0.M. Blunn 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 10, L961. 


Editorial 
The great programme for building communism, (pp. 1-5). 


The article defines communism from the party programme and briefly 
considers the next twenty years of development. The role of the 
communist party is discussed along with the part to be played by 
science in forming the material-technical basis of communism. 


Automatic control 


Charging a capacitor from an a.c. circuit through a valve. 
8.M. Smirnov, (pp. 60-64). 


A study is made of the process of charging a filter capacitor by 
sinusoidal voltage pulses. Cases of purely capacitive and capacitive- 
active loads of rectifiers connected in half-wave and full-wave 
rectifying systems are considered. 


Transforming Grey’ s code into a bimary code. V.A. Kougiia, 
(p. 74). 


The direct use of Grey’s parallel code for control devices in servo 
systems (e.g. for determining the angle of rotation of shafts) is not 
considered convenient in programme control systems based on potential 
logical elements. Accordingly a system of transforming Grey's code 
into a parallel binary code is suggested. 


Control engineering 


Fundamentals for constructing a standard series of auto- 
matic motor drives for sulti-cable mine hoists. ¥.8. Tulin, 
(pp. 12-19) . 


A study is made of the regulations and standards governing mine 
hoisting and lifting equipment with a view to forming a theoretical 
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basis for standardization and greater efficiency in electrical drives. 


An instrument for measuring active power. Ia.I. Stiop, 
(pp. 65-66). 


A description is given of a device for measuring power in which the 
main part, used to square the sum and difference of the input 
quantities (current and voltage), uses thyrite elements as the non- 
linear resistors with a load resistance to adjust the voltampere 
characteristic. 


A controllable d.c. drive. A.I. Ioffe, (pp. 71-73). 


A study is made of a new variable d.c. drive with a simple converter. 
The drive is based on a typical d.c. motor with independent excita- 
tion with its speed controlled by varying the voltage applied to the 
armature from the converter. The converter consists of a three-phase 
YEAR transformer with primary windings connected in star and connected to 
196] the a.c. network. The secondary windings have different numbers of 
turns so that the e.m.f. is different in each winding. Rectified 
voltages can be fed to several drive motors at different speeds. 


Power systems 


Appraising electric power costs in designing industrial 
plants. D.S. Stepanov, (pp. 6-11). 


The estimation of the cost of electrical energy in planning industrial 
undertakings is considered in the light of socialist methods of plan- 
ning without resort to existing tariffs. 


Relays and protection 


The behaviour of overcurrent relays during out-of-step 
conditions in a power system. S.£. Stepurin, (pp. 55-60). 


Investigations have confirmed that overcurrent relays may operate in- 
correctly during out-of-step conditions of the generators. It is pro- 
posed to overcome this by adjusting the reset time of the relay or 
using a voltage starting relay with a particular voltage setting. The 
method of analysis is also applicable to other types of voltage and 
current relay. 


The relationship between the Curie point and the composi- 
tion of copper-zinc ferrites. A.I. Andriyevskii et «l., 
(pp. 66-68) . 
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An account is given of investigations into copper inc ferrites of 
various compositions corresponding to values of the Curie point be 
tween the boiling point of liquid nitrogen and 460°C. The Curi 
points of the compositions were determined to within 4 to 6°C by a 
method which is described. Particular compositions are used for 
thermal relays which are also described. 


Rotating machines 


The maximum torque of coal-cutter induction motors con- 
nected in mine networks. E.S. Traube, (pp. 19-23). 
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performance f! ombin the auttl 
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coefficient lepending on the regulation and forcing of the excita 


tion current. 


A new way of mounting brushes in electrical machines. 
Gurin, (pp. 47-48). 


An account is given of tests and calculations which indicate that the 
most efficient position of "reactive" brushes in electrical machines 
is that with trailing brushes at angles greater than 10 or 15” to 
the radial direction except when vibration is excessive. 


The performance of a three-phase induction motor having an 
unequal number of turns i the stator phases. I.M. Kamen’, 
(pp. 48-52). 


General equations are formed for the analysis of the operating con- 
ditions of non-salient pole machines having a three phase winding 
with identical phase zones, but with different numbers of turns in 
the phases. 
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Synchronous machine damper winding losses due to voltage 
time harmonics. Iu.A. Kulik, (pp. 34-37). 


\ study is made of the effect of voltage harmonics on the currents of 
the damper winding and the resultant losses. The distribution of the 
currents in the damper winding is analysed and the tota] losses 
caused by higher time harmonics are determined by the mean square 
value of the current in the conductor of the damper winding. 


THE MERCURY-ARC RECTIFIER DRIVE* 


B. M. GUTKIN 
(Vniiem) 
(Received 21 August 1961) 
The MAR drive is a complex electromechanical system. In the past the 
control system of the rectifie i been regarded as an integral 
part of the whole syst ofr lation, and no account has been taken 
of the requirements which rectifie: rol systems should setisfy. 
As a result it! not been possible to take full advantage of the 
gany valuable features of mercury-arc rectifiers in al] applications, 


and this is CSpeciaiiy tie ase with the electrical irive. 


The extensive u of MAR drives in industry during the past 10 to 15 
years has not only stimulated progress in the design of new rectifiers, 
but it has also brought about a rather new approach to the development 
of drives in which the rectifier is regarded as one element of the 
whole automatic control system, and in which the control system of the 


rectifier is regarded as the main element on which the whole system of 
regulation depends. 


Much has been written about such drives in the Soviet and foreign 
press [1,2,3 et al.]. The control system elements of actual rectifiers 
and drives have already been considered as a whole [41]. In this paper 
attention is confined to pressing problems which, if solved, could be 
instrumental in the production of highly reliable MAK drives with a 
great dynamic (-factor. 


There is a great variety of drive control circuits, but they can be 
classified as follows, independently of the power circuits of the 
rectifiers and control systems: 


1. Circuits in which control is effected by varying the voltage 
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applied to the motor armature. 


2. Circuits in which control is effected by varying the excitation 
current. 


3. Circuits in which control is effected by varying the excitation 
current as well as the voltage applied to the armature. Such circuits 
will be referred to as “hybrid” circuits. 


In order to simplify the study, it is proposed to consider irrevers- 
ible and reversible systems separately. 


MAR drives range from 0.05 to 10,000 kW. Small and medium drives are 
widely used in general engineering, particularly in machine tools. 
Large drives are used in the iron and steel] industry and in mining. 


Irreversible systems 


Figure 1 shows the circuits of small and medium irreversible drives. 


The system illustrated in Fig. la uses a semi-controlled single-phase 
bridge system. If hot cathode bulbs are utilized, this system can be 
used for powers varying from 0.3 te 2 kW. Since no transformer is 
employed, the motor voltage is non-standard and it must be matched with 
the supply grid voltage. The system shown in Pig. 16 can be recommended 
for use in drives up to 200 kW depending on the type of rectifier 
bulbs, hot cathode bulbs being used up to 20 kW and pool cathode bulbs 


for larger outputs. 


Systems without transformers are very promising for small drives, 
since their weight and cost can be reduced and they are a better 
economic proposition. 


For large outputs it is advisable to employ transformers. Power 
circuits of large irreversible drives are illustrated in Pig. 2. 


liere the current cannot change direction owing to the unidirec- 
tional conductance of the bulb. When the motor e.m.f. becomes greater 
than the converter rectifier voltage, the current in the main circuit 
is zero and the motor starts to "coast". Additional apparatus is there- 
fore required in these systems to provide electrical braking. 


All irreversible drive systems can accordingly be classified by the 
method of braking into those with dynamic braking and those with re- 
generative braking. 


Dynamic braking is employed in the circuits illustrated in Pigs. 1 
and 2. When the motor e.m.f. becomes greater than the rectifier voltage, 
the current in the main circuit is zero, and this can be used as a 
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Fig. 1. Small and medium non-reversible MAR drives. 


a-— semi-controlled single-phase bridge circuit; 6 — three-phase 
bridge circuit; PS — phase shifting system; CSP — grid supply 
panel; GC — grid control system; T— thyratron; G — gas-filled 
rectifier (gazotron); MAR — mercury-arc rectifier; 4 — motor; 

MEW — motor excitation winding; LC — limiting choke; SC - 
smoothing choke; A7T— brake contactor. 


control signal for operating the dynamic braking contactor AT (Fig. 1). 
The motor and rectifier are then connected to the dynamic braking re- 
sistance rq where the energy from the rectifier and the kinetic energy 
stored by the drive is dissipated. This is a widely used method of 
braking, but though it may be acceptable for small and medium drives, it 
cannot be regarded as satisfactory for large drives with special braking 


conditions. 
An alternative method of dynamic braking employs a special measuring 
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Fig. 2. Large non-reversing MAR drives. 


a-— six-phase circuit; 6 — twelve-phase circuit; 1{£ MAR, 2 MAR - 
mercury-are rectifiers; 1 Tr, 2 Tr — anode transformers with 
built-in balancing reactors; BR- type-2 


2 balancing reactor; 
SC — smoothing choke; M-— motor; TC — tachometer generator. 


device which operates on the cessation of current in the main circuit. 
It then either acts on the grid circuits of the rectifier and turns the 
rectifier "off", or else disconnects the rectifier from the load hy 
special apparatus. Neither method provides smooth control over the 
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current whilst braking, and it becomes necessary to switch the resist- 
ance rT». If it is decided to use such switching apparatus, it is advis- 
able to follow the system illustrated in Fig. 3. 


Fig. 3. Punctional block-diagram of MAR drive with a switch 
in the armature circuit. 


Tr — anode transformer; MAR — mercury-arc rectifier; LCS - 
load circuit switch; M-— motor; DCT- d.c. transformer; 
PS — phase shifting system; GSP — grid supply panel; GC — 
grid control system; C — comparison circuit; LS— limiting 
system; 1A — amplifier of regulating device; 2A — switch 
amplifier; — reference voltage; feedback voltage; 

TG — tachometer generator. 


Here the armature circuit is switched by a special switching ampli- 
fier which receives a control signal at its input, whilst the windings 
of the armature circuit switch are connected at its output. 


Speed control in a closed system is governed by a law which may be 
written in the form 


BU, — Koy (1) 


where U. is the control signal at the input to the governor, U, the re- 
ference voltage, Ky, the feedback factor, Us, the feedback voltage, and 
p the amplification factor of the amplifier. 


A change in sign of the control signal determines the required mode 
of operation of the converter. If U, > KyUy, and U. > 0, the rectifier 
operates as a rectifier, but if U)< Ky Uf and U.< 0, braking is 
necessary and the rectifier must act as an inverter. For switching the 
armature circuit without interruption of the current, it is necessary 
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to employ interlocking which allows switching only if I = 0. It will 
be seen from a consideration of the regenerative braking system that 
systems with a switch in the load circuit can also be used in reversing 
drives, in which case the rectifier acts as a rectifier in clockwise 
and anti-clockwise rotation in different positions of the switch. The 
rectifier characteristics are then in quadrant / and those of the in- 
verter are in quadrant /V. 


Reversing systems 


The reversing drive has a switch in the armature circuit, but in 
some cases, and especially for drives with a short time cycle and servo 
systems with zero mis-match, it is necessary to arrange for continuous 
control without a switch in the armature circuit. It is then advisable 
to use systems with two sets of bulbs. It should be noted that for a 
long period of time articles have been published in the foreign press 
on reversing drives with a switch in the armature circuit, but recently 
there has been a tendency to change over to systems with two sets of 
rectifier bulbs for large drives. The power circuits of mercury-arc 
rectifiers with two sets of bulbs have been somewhat improved in recent 
years and they have become a better economic proposition since the 
"counter-parallel" system has been adopted. The “cruciform” system is 
rarely used, 


"Mercury-are exciters" 


For a long time, relay-contactor systems were used for the excita- 
tion of electrical machines in controlled d.c. drives. Contactless 
systems of excitation have since been developed and amplidyne systems 
in particular. For large machines, amplidyne excitation systems repre- 
sent a multi-stage system in which an smplidyne with a longitudinal or 
transverse field is used as the first stage. 


The amplidyne allows adequate stabilization of the transient be- 
haviour, but reductions in the duration of transient behaviour and 
their associated increase in productivity are limited by the inertia of 
the stage system of excitation. A mercury-are rectifier is a delay-free 
apparatus, and therefore its use in excitation systems for large d.c. 
drives opens up new possibilities both as regards higher productivity 
and new flexible and reliable static systems of excitation. 


It is proposed to refer to mercury-arc rectifiers which are used for 
electrical machine excitation as mercury-arc exciters, Mercury-arc 
exciters are not only used when the amplidyne system of excitation is 
a multi-stage one, but whenever high-speed super-quality control is 
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required. 


Mercury-arc exciters may be reversible or irreversible exactly like 
their rectifier counterparts. 


Mercury-arc exciters which maintain the same direction of current at 
the output can be used for excitation of generators and the motors of 
non-reversing drives. Those which do provide for the reversal of 
current can be used for the excitation of generators and motors in re- 
versible drives. 


The power re of the rectified output of a mercury-are exciter de- 
pends on the forcing factor which is required for minimizing transient 
behaviour and is given by the expression 


where Uy is the rated voltage of the excitation winding of the electri- 
cal machine, /, the rated excitation current of the electrical machine, ; 
and ky the forcing coefficient. m 196 


Under rated conditions a mercury-arc rectifier operates with large 
control angles, which ensures large amplification factors and eliminates 
the effect of variations in the supply voltage on the generator voltage 
if the control system is correctly designed. With forcing, the control 
angle is considerably reduced and the rectified voltage at the output 
of a mercury-arc exciter reaches 100 per cent, which in relation to the 
rated voltage of the excitation winding of the electrical machine is 
k e On extinction of the field the mercury-arc exciter acts as an in- 
verter (a > 7/2) and the electromagnetic energy stored in the excitation 
winding of the generator is returned to the network. 


The power circuits of mercury-arc exciters can be made like those of 
mercury-are rectifiers used for controlling the armature voltage. Since 
the inductance of the excitation winding of an electrical machine is 
considerable, mercury-arec exciters could utilize a minimum of phases, 
i.e. use could be made of a full-wave system of rectification, but 
three-phase systems are used for the sake of reliability. If one of the 
bulbs is out of order in the full-wave system, the electrical machine 
may practically lose its excitation, since the excitation current is 
then equal to 2U/wl and it is small if L is considerable. 


In the general case the number of phases on the rectified current 
side depends on the design of the electrical machine and the bulbs used 
in the mercury-arc rectifier. Use may sometimes be made of hot cathode 
bulbs for the excitation of large generators. Pool cathode bulbs are 
generally used in mercury-arc exciters for the low-speed motors used in 
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the iron and steel industry and mining, owing to their considerable 
excitation currents. 


If the direction of rotation of the motor is changed by reversing 
the field, then in order to obtain an acceptable reversing time for 
certain equipments, the power of each set of rectifier bulbs in a 
mercury-arc exciter is about 10 to 15 per cent of the power of the set 
of bulbs in the armature circuit. The further increase in power that 
might otherwise be obtained by forcing, or a shorter reversing time, is 
limited by the conditions of commutation. If machines with a laminated 
yoke are used, the field can be reversed in 0.2 to 0.7 sec depending on 
the power of the motor. Reversing drives can be produced for plant with 
a considerable time cycle in which the motor excitation field is re- 
versed, 


Fig. 4. Simplified circuit diagram of a non-reversing MAR drive 
of a light-section 350 rolling mill. 


1 Tr — anode transformer of armature circuit switch; 2 Tr - 
anode transformer of mercury-arc exciter; i1MAR, 2MAR -— mercury- 
arc rectifiers; M— motor; fae dynamic braking resistance; 
SC— smoothing choke; MEW — motor excitation winding; KT 
braking contactor; CT — current transformer; 1GSP, 2CGSP 

grid supply panels; WR — main voltage rectifier; ST-— supply 
transformer of main voltage rectifier; 1V— gas-filled 
rectifier (gazotron); t= variable resistance; 1A — amplifier 
of armature voltage control system. 
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Hybrid control 


In blooming mill drives speed is controlled up to fundamental speed 
hy varying the armature voltage and at higher speeds by varying the 
excitation current of the motor. The presence of controlled mercury-are 
rectifiers in two circuits (i.e. the armature and excitation circuits) 
iaplies that the control] system has to satisfy certain requirement: 
which if left unfulfilled would result in sudden changes in current, 
flashover and other fault conditions. 
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Pig. 5. Punctional block-diagram of a hybrid control system 
for a reversing drive. 


1 Tr, 2 Tr — anode transformers; 1 TDC, 2? TDC - d.c. trans- 
formers; 1 MAR, 2 WAR-—wmercury-are rectifiers; 1A - 
regulator for voltage applied to armature circuit; A -— 
regulater for excitation current; 1 PS, 2? PS— phase 
shifting systems; i GSP, 2 CSP — grid supply panels; MD - 
waster device; sotor; MEW — wotor excitation winding; 
SC — smoothing choke; S — switch. 
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fy way of illustration Flg. 4 shows a simplified fundamental circuit 
diagram for the drive of a 350 light section rolling mill using this 
type of hybrid control. The speed of the roll motor is controlled at 
first by varying the armature voltage. Afterwards, when the armature 
voltage reaches a pre-determined level, the “gazotron” (gas-filled 
rectifier) 1) fires and the resistance in the magnetization winding 
circuits of the peak transformers is shorted, which alters the control 
angle of the mercury-are rectifier in the excitation circuit of the 
motor and weakens the field. 


Figure 5 shows a functional block-diagram of the hybrid control 
system of a reversing drive with a switch in the armature circuit. Both 
in this circuit and in those of non-reversing drives, a system of inter- 
locking is used which only allows the field to be weakened at a pre- 
determined value of the armature voltage. 


The control of MAR drives 


An MAR drive control system is defined as the complex of apparatus 
which participates in forming the control law. In accordance with this 
definition, that whole range of contact and contactless apparatus which 
is widely used in industrial drives for protection and starting, etc, 
is of no concern here. The control system elements under consideration 
in this paper are the amplifying and shaping devices and the electrical 
pickups. 
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Pig. 6. Punctional block diagram of a grid control system 
with controlled semiconductor rectifiers. 


a- system with transistors in grod supply panel; 6 — 
system with transistors in the grid supply panel and 
phase shifting; PS— phase shifting system; SD - shaping 
device; CSP — grid supply panel; MAR — mercury-arc 
rectifier. 
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Increases in machine productivity are associated with larger drive 
outputs and faster operating speeds. An increase in speed makes exact- 
ing demands on the quality of the control system and its individual 
elements. In recent years there has been a tendency to replace electro- 
@agnetic apparatus by transistors in MAR control systems. All kinds of 
transistorized circuits have been developed, but functionally they all 
fall into either of two categories (see Fig. 6). 


In the functional block-diagram in Fig. 6a the conversion of a 
sinusoidal voltage into a trigger pulse of given amplitude, width and 
slope is performed by transistors. The presence of active elements in 
the grid supply panel GSP allows a considerable reduction in the power 
of the static phase-shifting device PS and an improvement in the 0- 
factor of the control system, since low-power static phase shifters 
with a variable (alternating) active arm are then practicable. The 
method of varying the resistance of the active arm was originally pro- 
posed by Shipillo [5]. 


The majority of rectifier control systems fit the block-diagram in 
Fig. 6b. The principle of sawtooth voltage cut-off is used in the 
phase-shifting system. A control voltage is connected counter to the 
output of the sawtooth voltage generator and if these voltages are 
equal, the output voltage of the phase-shifting system is zero. The 
instant in time when the output voltage of the phase-shifting system is 
zero is moved in phase relative to the supply voltage on variation of 
the control voltage. This method of control has been referred to else- 
where as the “vertical” method. Sometimes a sinusoidal voltage is con- 
nected counter to the control voltage of the phase-shifting system and 
the instant of zero output voltage of the phase-shifter is then given 
by the expression 


sin! (3) 


The instant of zero output voltage of the phase shifter is precisely 
the moment when the shaping process begins in the shaping device SD, 
which consists of a transistor and differentiating "cell", and the 
moment when the positive trigger pulse is supplied. 


Transistorized rectifier control systems are practically instantan- 
eous and it is natural to require that the quality of all the other 
control elements should be equally as good. 


Magnetic amplifiers are now widely used in MAR drive control 
systems. To improve the Q-factor of control systems using magnetic 

amplifiers, it is necessary to employ high-frequency amplifiers which 
require special supply sources. 
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Pig. 7. Block-diagram of a device with magnetic amplifiers 
and an independent supply source. 


DCS — d.c. supply; FC — frequency converter; MA- magretic 
amplifier. 


MAR 
SC 


Pig. 8. Block-diagram of speed control systen, 


a- system with "electrical" comparison and negative current 
feedback; 6— system with “magnetic” comparison; Tr — anode 
transformer; MAR — mercury-arc rectifier; DCT— d.c. trans- 
former; M— motor; 7G — tachometer generator; C — comparison 
circuit; A— amplifier of regulator; PS— phase shifting 
system; GSP — grid supply panel. 


To dispense with special supply sources it is expedient to supply 
the magnetic amplifiers from an independent h.f. source in the form of 
a blocking oscillator or symmetrical transistorized multi-vibrator. It 
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should be pointed out that the frequency of such sources can be chosen 
in the light of constructional considerations. Various macnetic ampli- 
fier circuits with independent supply sources have been devised, but 


they all contain the elements indicated in Fig. 7. 


A number of functional block-diagrams will now be considered to 
illustrate the design of MAR drive control systems. 


Pigure 8 shows functional block-diagrams of a system of speed con- 
trol. In Fig. 8a the first element compares the desired speed with the 
actual speed as measured by a tachometer generator. The element is, as 
it were, a speed governor whose output defines the magnitude of the 
armature current. The second element compares the desired armature 
current, as obtained at the output of the first element, with the actual 
armature current as measured by a d.c. transformer or simple transformer 
in the a.c. circuit. Current feedback provides a simple means of stabi- 
lizing the system. 


The system in Fig. 8) is not provided with current feedback and all 
the control signals are added, shaped and amplified in the first element 
of the control circuit. 


Tachometer generators measure the speed in speed-control systems. 
These generators have to satisfy exacting demands if the demands made on 
the control system as a whole are stringent. The simplest form of speed- 
control law is that represented by expression (1). 


The terminal voltage of an "ideal" tachometer generator is 
Un = 


The terminal voltage of a real tachometer generator can be written 
in the form 


Un =U,+U,, (4) 


where /, is the useful signal voltage which is proportional to the 
speed, and U, the voltage of the non-attenuated noise signal for the 
particular speed. 


The expression for the noise signal is 


U, =m, sin k,t -++- m, sin k, ot + m, sink, of, (5) 
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(6) 


and AU cp 18 the voltage amplitude of the collector oscillations, AU,» 
the voltage amplitude of the reverse oscillations, AU, the voltage 
amplitude caused by oscillation in speed owing to eccentricity in the 
coupling of tachometer generator to the driven shart, and k\o, kaw and 
k,w the frequencies of the collector, reverse and "mechanical" oscilla- 
tions respectively. 


When considered with (4) and (5), expression (3) [sic ] takes the 
form 


U Ug, (1+ my sin of + 
-+- m, Sin k,wt m, sin 


(7) 


A speed law of type (7) in a delay-free control system results in 
variation of the current in the main circuit and in speed variation if 
the moment of inertia of the motor and driven device is low. For 
partial elimination of such variation, use may be made of negative 
current feedback, but this reduces the amplification factor of the 
system, or alternatively powerful stabilizing feedback, although this 
adversely affects the dynamic properties of the system. High-frequency 
oscillations of the noise signal can be filtered out without difficulty 
if the degree of speed control is "light", but it is a different matter 
with reverse oscillations and mechanical speed oscillations and the 
dynamic properties of the system suffer accordingly. This case has been 
specially considered in order to show that exacting demands have to be 
met by all the elements of the entire control system if an instantan- 
eous rectifier control system with a high dynamic Q- factor is required. 
There is no justification for a delay-free rectifier control system on 
its own. 


Figure 9 shows the functional block-diagram of a reversible MAR 
drive in which use is made of a mercury-arc rectifier with two sets of 
bulbs. The "counter-parallel" system is employed for the rectifier. A 
special circuit is used to limit the balancing current which arises in 
a mercury-arc rectifier with two sets of bulbs. The d.c. transformers 
1TDC and 2TDC are included in the circuit for each set of bulbs. 
They are magnetic amplifiers with series-connected load windings. 
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Fig. 9. Block-diagram of reversing MAR drive with 
two sets of bulbs. 


Tr — anode transformer; 1 MAR, 2 MAR — mercury-arc rectifiers; 
1LC, 2 LC - limiting chokes; SC smoothing choke; 1 DCT, 

2 DCT—d.c. transformers; 1 GSP, 2 GSP — grid supply panels; 
1 SD, 2 SD-—shaping devices; 1 PS, 2 PS — phase shifting 
systems; 1A— regulator amplifier; SCLB — special circuit for 
limiting balancing current; 1 CC, 2 GC— grid control systems 
for rectifiers; M- motor; MEY wotor excitation winding; 
1G tachoweter generator, U, - reference voltage; Us. ~ 
setting for magnitude of balancing current; U, — voltage 
regulating the magnitude of the balancing current; Yen speed 
feedback voltage. . 


The balancing current and operating currents of the main circuit 


flow through the control windings of the d.c. transformers. The volt- 
ages in the secondary windings of the d.c, transformers will be differ- 
ent depending on the magnitude of the operating current and balancing 
current, This voltage is "rectified" in the special circuit (SCLB) 
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for limiting the balancing current, and it is compared in the amplifica- 
tion circuit with the "desired magnitude” of the balancing current. The 
deviation of the actual balancing current from the desired magnitude 
automatically alters the control angles of both sets of bulbs. 


In a number of cases a control system with limitation of the balanc- 
ing current provides better dynamic drive characteristics. The system 
illustrated in Fig. 9 can also be adopted to mercury-arc exciter con- 
trol systems for generators in reversing drives. 


Fig. 10. Block-diagram of speed control system with two sets 
of rectifiers in the excitation circuit. 


1 Tr, 2 Tr — anode transformers; 1 MAR, 3 MAR — mercury-are 
rectifiers, 1 LC, 2 LC — limiting chokes; SC — smoothing 
choke; 1 DCT, 2 DCT- 1.c. transformers; M— motor; MEW — 
motor excitation winding; TG — tachometer generator; C — 
comparison circuit; DD — differentiating device; 1A — adding 
amplifier; 2A~— amplifier of regulator for the armature 
circuit voltage; 3A— amplifier of regulator for excitation 
current; SA — amplifier of excitation circuit switch; LA - 
amplifier for limiting of armature current; 1 PS- 3 Ps - 
phase shifting systems; 1 GSP - 3 GSP — grid supply panels. 


Figure 10 illustrates a possible drive system in which the speed is 
controlled by a mercury-arc rectifier in the excitation circuit of the 
motor. The armature circuit is supplied from the mercury-are rectifier 
1 MAR which maintains the polarity of the rectified current ccnstant. 
The excitation winding is supplied from the converter 2 MAR which 
ensures reversal of polarity of the rectified current. 
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Unlike the system illustrated in Pig. 8, that in Pig. 10 provides 
for limited acceleration by virtue of the differentiating device DD 
whose input is connected to the tachometer generator. Reversal of the 
excitation current takes place on reversal of polarity at the output of 
the adding amplifier 1A. On reversal of the field the output voltage of 
amplifier 1A is limited by the limiting amplifier LA and the armature 
current decreases to zero. While the excitation current is steadying 
itself, it is necessary for the voltage at the output of 1A to be 
limited so much that the rectifier in the armature circuit is "off". 
After the end of the process of field reversal, the system of accelera- 
tion limiting again comes into operation and protects the system from 
womentary excessive acceleration. ’ 


The reliability of MAR drives 


The reliability of an MAR drive mainly depends on the reliability of 
the rectifier. In recent years a number of papers have been publ ished 
in the U.S.S.R. and abroad [7,8,9, e¢ oi. | in which the probability of 
arcbacks has been determined and methods of reducing their probability 


have been suggested. 


Actually the probability of arcbacks is only the main criterion of 
reliability for mercury-arc rectifiers operating as rectifiers (with 
pool cathode bulbs). In industrial plant where the mercury-arc recti- 
fiers operate with large overloads, use has begun to be made in the 
U.S.S.R. of mercury-arc rectifiers with series-connected bulbs in order 


to reduce the probability of arcbacks. 


It has been shown [9,10] that with series-connected bulbs the pro- 
bability of arcbacks is equal to the product of the probabilities of 
arcbacks of the individual bulbs, and it can therefore be assumed that 
no arcbacks will occur at a voltage of 1000 V. 


Pigure lla shows the simplified power circuit of a rectifier for the 
irreversible MAR drive of a rolling mill with a ratio of the load 
current awplitude to its mean value of 4 (at a mean current of the 
order of 3000 A). Arcbacks are very rare in this gear. 


In the general case the reliability of an MAR drive depends on 
other factors besides the probability of arcbacks (which result in 
short circuits in the anode circuit): (a) the probability of extinction 
of the excitation arc in excitrons and the probability of failure to 
fire in ignitrons; (b) the probability of "break-through" of the grid; 
(c) the probability of faulty grid control. 


Extinction of the excitation arc and the failure to fire of 
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ignitrons results in a short circuit in the load circuit when the 
rectifier is operating as an inverter. It is easy to show that there is 
twice the probability of short circuits in mercury-arc rectifiers with 
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Pig. 11. Simplified circuit diagram of mercury-arc rectifier 
with series-connected bulbs. 


a- circuit of converter for non-reversing drive; circuit 
of converter for reversing drive (with one set of anode 
dividers); ¢« — circuit of divider for reversing drive with 
two sets of anode dividers; Tr -— anode transformer; 1 MAR- 
4 MAR — wercury-arc rectifiers; 1 AD- 4 AD — anode dividers; 
i SC- 4 SC — smoothing chokes; { Br, 2 BR— balancing 
reactors; — motor; motor excitation winding. 


series-connected bulbs (in this case the probabilities are added). An 

improvement in the reliability of MAR drives requires a great deal of 

theoretical and experimental research in order to obtain statistics of 
fault probability in particular bulbs and the rectifier as a whole. 
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The lack of statistical] data results in a disproportionate increase 
in prime cost and running expenses for a small increase in reliability. 


For example, Fig. 115 shows the circuit of a mercury-are rectifier 
for a reversing rolling mill where series-connected bulbs are used. If 
both the bulbs in the series "chain" are controlled, the control system 
is greatly complicated, which can result in reduced reliability. If, 
however, the power circuit illustrated in Pig. llc is used, there is 
nine times greater probability of arcbacks compared with that in Pig. 
116, but the control system itself is much simpler (in Fig. lic). 


The following calculation will show that a nine-fold increase in the 
probability of arcbacks is not very important in practice. 


Suppose that one arcback occurs daily in each of the 18 bulbs of the 
three parallel circuits of a rectifier, i.e. the arcback probability is 


where n is the number of arcbacks, T the duration of arcback, and f the 
network frequency. 


The probability of arcback with series-connected bulbs in each 
parallel circuit is 


P,= Pi =5.3-10-", 


i.e. an arcback will occur once in approximately 10‘ years. Naturally, 

if this figure is increased nine times there is in practice no signifi- 
cant increase in reliability, whereas operating costs are considerably 
reduced by the simpler systen. 


This example shows that the design of mercury-arc rectifiers has to 
be approached from all possible angles and that reliable gear can be 
designed which is cheaper to run. The scientific approach to the design 
of "reliable" MAR drives thus requires further investigation of 
currently produced rectifiers with a view to determining their relia- 


bility criteria. 


Traneleted by 0.M. Blunn 
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INVERTER SUBSTATIONS FOR OUTLYING REGIONS 
WITHOUT LOCAL POWER STATION 
COUNTER-E.M.F.’ s* 


N. M. MEL’ GUNOV 
(Leningrad) 
(Received 2 December 1959) 


The economical supply of electricity to outlying regions far from power 
systems and large power stations is an important aspect of the 
programme for general electrification in the U.S.S.R. 


A d.c. transmission line costs much less than a comparable three- 
phase a.c. line. Centralized supply is therefore economic over much 
greater distances. Many new local power stations need not be built and 
some existing ones may be closed down. 


The economy of d.c. transmission is not however determined by power 
and distance in absolute terms, but by the relationship between them. A 
small output can only be transmitted economically over a corresponding- 
ly shorter distance [1,2]. 


The essential problem is to develop simple and reliable terminal in- 
verter substations. This is particularly so as regards inverter sub- 
stations at the receiving end which have to operate with or without 
local power stations in the system (i.e. with or without counter- 
e.m.f.’s). This is a necessary condition for the exploitation of d.c. 
transmission on the largest possible scale. 


In this paper it is proposed to consider and compare the principal 
inverter substation systems for operation into receiving systems with- 
out the counter-e.m.f.’s of local power stations. Such substations may 
differ from each other in design, performance, cost and reliability. 
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1. Inverter substations with synchronous condensers 


In this type of inverter substation the counter-e.m.f. required in 
the inverter for current commutation and the reactive power required 
for its operation and supplying the loads of the system are produced by 
a synchronous machine (see Fig. 1a) of a power 130 to 150 per cent of 
the rated active power of the substation inverter. 


In order to improve the operating stability of the inverter in the 
Presence of sudden load variations and provide an approximately sinus- 
oidal voltage across its bus-bars, special measures must be taken to 
reduce the reactance of the machine. The operating stability of the 
inverter is favourably affected by lower values of the system power 
factor for an appropriately higher machine reactive power and excita- 
tion current; larger inertia constants of the machine also have a 
favourable effect. 


Such a machine (synchronous condenser, generator) can be started at 
speeds and frequencies up to and including rated values by various 
methods from a small local power station or, if this is not available, 
from a special starting motor at the substation (e.g. a diesel engine). 
A synchronous condenser can be started direct by this type of prime 
mover or by an intermediate motor-driven generator. After running up 
the condenser and supplying the counter-e.m.f. to the inverter, the 
latter can be brought into operation in the usual way by control pulses 
to the valve (inverter) grids from the condenser bus and the supply of 
voltage along the line from the inverter. The power required subse- 
quently for the operation of the condenser (and increasing its speed to 
the rated value if it has been below that figure) can be supplied from 
the d.c. line. 


It is important to stress that in this type of inverter substation 
where the counter-e.m.f. is produced by a synchronous condenser, the 
control pulses must be supplied to the valves of the inverter for its 
stable operation from the bus of the synchronous condenser in the 
appropriate phase and not from an extraneous source of arbitrary phase. 


In steady-state couditions the control system of this type of d.c. 
transmission must (a) maintain the quenching angle 5 constant within 
given limits, (b) maintain rated voltage £, across the inverter bus 
bars and (c) maintain the frequency f constant. 


As regards the first requirement, this is necessary on the one hand 
because an excessive increase in 5 results in an increased consumption 
of reactive power by the inverter and abrupt variation of the voltage 
across the inverter bulbs (a deterioration in operating conditions), 
whilst on the other hand a reduction in 5 below 15 to 18° is dangerous 
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Pig. 1. Types of inverter substation for operation into a 
receiving system without the counter-e.m.f.’s local 
power stations. 


a- system 1, with synchronous condenser; 6 - system 2, 
with parallel capacitor filter banks; ec — system 3, with 
series-parallel capacitor phase compensation; d-— system 

4, with capacitive connexion of bridge converters; 1 — 
line reactor; 2- bridge; 3- ctwransformer; 4 — syuchruuous 
condenser; 5 motor; 6 grid control; 7- capacitor 
filter-banks; 8 — series capacitor banks; 9 auxiliary 
and local supply transformer; 10- phase reactors. 


frow the point of view of inverter reversal, The angle © wust therefore 
be held roughly constant during ivawd variation or changes in inverter 
conditions, 


The curves shown in Fig. 2 for the variation of the rectifier con- 
trol angle a, and the reactive power (). of the synchronous condenser as 
a function of the inverter load P. have been calculated for an actual 
transmission systew. Here the angle 5 was held at appropriate constant 
values and conditions were also created to maintain f and /, constant. 
The broken lines in the same diagram illustrate the upward shift of the 
a, characteristic for 5 = const when the rectifier voltage is increased 
by 5 per cent (e.g. by a tapping adjustment). 
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Fig. 2. 


Various control systems can be employed in the design of an inverter 
with a synchronous condenser, The most efficient is as follows: 


a) the angle 5 is held constant across each inverter bulb by the 
supply of control pulses of appropriate phase a. which is determined 
automatically for subsequent ignitions; 


b) the voltage is automatically held constant on the inverter bus- 
bars by controlling the excitation system of the synchronous condenser; 


c) the frequency of the receiving system is held constant by a fre- 
quency regulator which acts on the control angle a, of the rectifier. 


It is presupposed that the rectifier is provided with a maximum 
current regulator, so that the angle a, can be adjusted by changing the 
setting, and that the inverter is provided with a minimum current regu- 
lator. 


20 40 60 80 % 
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2. Inverter substations with parallel capacitor banks 


Tests and calculations have established that synchronous condensers 
can be dispensed with, in which case, in order to ensure current commu- 
tation in the inverter and cover the reactive loads of the inverter in 
the network, use may be made of parallel capacitor banks (see Fig. 16) 
in the form of several banks of filters for the higher current 
harmonics. For a six-phase inverter it is recommended that filters be 
used tuned to harmonics 5, 7, 11 and 13 with the bank power of the 
individual filters diminishing according to the increase in the harmonic 
number, and the overall bank power roughly equal to the reactive power 
consumption of the inverter and network at the rated inverter load. 

The presence of a set of such filters (or the first three of them) en- 
sures that the appropriate current harmonics are short-circuited and 
the bus-bar voltage of the inverter is therefore approximately sinus- 


oidal (see Fig. 3). 
fr 
of 


ba 


Pig. 3. Oscillograms of normal inverter conditions with a 
sinusoidal voltage ensured in the system by a set 
of parallel filter-banks. 


The grid contro] of such an inverter must be effected from a sepa- 
rate independent control pulse source, The pulses are fed to the 
inverter bulbs at a fixed frequency (f = 50 c/s). 


Pigure 4a shows a vector diagram for the fundamental harmonic of the 
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current of an inverter with parallel static phase compensation under 
normal conditions. Figure 5 shows typical] characteristics of the main 
operating indices when the inverter is regulated for varying active 
load. Changes in the angle 5 are held within prescribed limits by auto- 
matic connexion and disconnexion of the individual filter banks. With 
decreasing active inverter load, the overall power of the connected 
capacitors is gradually reduced by disconnecting the individual filter 


Fig. 4. Inverter vector diagrams. 


a -— for system with parallel static phase compensation; 6 — for 
systems with series-parallel static phase compensation. 


banks (see Fig. 5) one (or a few) at a time in a definite sequence with 
increasing angle 5. The individual filter banks are disconnected in 

. such a way that 5 is not reduced below a given level (18 to 20° when 

a bank is disconnected. In this way the operating stability of the in- 
verter is maintained; as far as possible provision is also made for 
keeping the complete set of filters of all harmonics in the zone of 
normal load variations according to the daily graph (e.g. 50 to 100 per 
cent) in order to ensure an approximately sinusoidal voltage on the 
inverter bus-bars; only if great load reductions occur is the discon- 
nexion of filters en bloc permitted (e.g. the 7th and 11th). 
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The voltage on the a.c. bus-bars of the inverter (of the receiving 
system) is held constant as required by gradual changes in the control 
angle a, of the rectifier, These are made automatically according to 
deviations of the voltage from its rated value. 
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Pig. 5. 


The rectifier voltage can be controlled in this way by altering the 
setting of the maximum current regulator. 


It is obvious that the use of control pulses at a fixed repetition 
rate from an extraneous source removes the problem of maintaining the 
frequency of the inverter system constant by special control methods 
(a considerable simplification), and the control angle a. of the in- 
verter and the angle 5 become functions of the inverter mode or state 
and cannot be varied or regulated arbitrarily (as in the case of a 
synchronous condenser). 


An inverter with parallel capacitors is started simply by the supply 
of voltage from the rectifier to the inverter; if this method is used, 
the filter banks (or some of them) must first be connected to the bus- 
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bars of the inverter, and the setting of the maximum current regulator 
of the rectifier must so limit the current that no significant increase 
in voltage is produced on starting by the flow of inverter current 
through the capacitance connected to the bus-bars. 


3. Inverter substations with series-parallel 
capacitor phase compensation 


This type of system is illustrated in Fig. 1c [3]. The control 
pulses are again supplied to the inverter bulbs from an independent 
source at a set frequency (f = 50 c/s). The capacitor banks are con- 
nected in series with a transforwer in the connecting phase of the 
bridge "converter". Each of these banks is in turn composed of smaller 
individual sets which are connected in series and parallel; the series 
phase bank passes alternating current during the operation of the con- 
verter and its half-waves are approximately rectangular in shape. As a 
result, a trapezoidal voltage is produced on the bank capacitance which 
can be replaced quite accurately by a corresponding fundamental sine 
curve. 


Part of the capacitance is connected to the a.c. bus-bars of the 
inverter (the system bus-bars) in the form of an assembly of parallel 
filter banks which take part in the commutation of the inverter current, 
in covering the reactive load and in ensuring a sinusoidal voltage. 


Figure 4b shows a rough vector diagram of such an inverter under 
normal operating conditions. The fundamental harmonic of the trapezoidal 
voltage is represented by the vector £’, ‘ihe optimum value of E’ must 
be 60 to 80 per cent of the bridge phase voltage £,. 


It will also be seen from this diagram that the series capacitance 
retards the voltage E, (by the addition of the voltage vector RE’), 
whilst the parallel capacitance advances the inverter current vector I. 
(as a result of the addition of the bank current vector /*), ensuring 
the lead of the inverter current vector I. over the voltage vector E, 
and the presence of a quenching angle 5, which is necessary for 
successful current commutation and a stable inverter performance, 


The power and capacitance of the series and parallel capacitors is 
selected by analysis of the plant criteria and the system power factor. 
From test results and calculations, about 50 to 70 per cent of the 
total capacitor power is connected in series and about 30 to 45 per 
cent is in parallel. The total power of the capacitors in this system 
is approximately the same as that of the foregoing system with parallel 
Static phase compensation. 


Figure 6 illustrates the characteristics of an inverter with series- 
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Parallel static phase compensation. In this case it is advisable to 


connect two thirds of the overall capacitor power in series and about 
one third in parallel. 


- 


La 


It will be seen from Fig. 6 that the angle 5 and rectified voltage 
E” are practically constant even if the inverter load is subject to 


wide variations for unchanged series- and parallel-connected capaci- 
tances. 


This is the advantage of this particular system over the last system 
(see Section 2), since wide load variations require no connexion and 
disconnexion of the banks or "deep" voltage regulation on the rectifier 
side unless an unusually large load reduction occurs (below about 30 
per cent). In this event the rectified voltage can be held constant by 
disconnecting part of the power of the parallel capacitors (see Fig.6). 


(Approximately 35 per cent of the power of the parallel capacitors is 
disconnected for a reduction in load to 30 per cent.) 


It is therefore clear that in this system the bus-bar voltage of the 
inverter can be controlled either by the angle a, of the rectifier, or, 
in the main range of load variation, merely by regulating the trans- 
formers on load, since the limits of such regulation are usually small. 


The starting of the inverter in this systex is similar to that de- 
scribed in Section 2. 


50 
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4. Inverter substations with capacitive connexion 
of bridge converters 


A simpler and cheaper system is sometimes possible. Here the con- 
verter bridges are connected across series capacitors without main 
transformers, but with a set of parallel filter banks at the inverter 
bus-bars (see Fig. 1d) [6]. The auxiliaries and local load of the sub- 
station are supplied from a small separate step-down transformer. 


The series capacitors of the bank in the phases are different in this 
system, in that a voltage of constant sign is produced as well as the 
trapezoidal alternating voltage. This constant "support" voltage is 
equal in magnitude to half the rectified bridge voltage if it is the 
one "on pole", and equal to one-and-a-half times that value if the 
second bridge is "on pole’. 


The capacitors of the series phase banks must be chosen with both 
voltage components in mind [6,7]. 


Calculations have shown that if a total gradient of 37 to 40 kV/mm 
is acceptable for the insulation of the series capacitor banks (for a 
usual maximum gradient of the alternating component of the voltage of 
17.6 kV/mm), then no increase in capacitor power is required for one 
bridge in an arm in connexion when a constant voltage component is 
present, if use is made of conventional KPM-type series-capacitor 
compensation. 


The neutral point of the system can in this case be “dead"-earthed, 
or else earthed via a resistance (usually an inductive resistance) or 
via a compensating coil; in the "dead"-earth method, or if earthing 
via a small resistance is employed, it is necessary to have a reactor 
in the pole of the bridge (see Fig. 1d); no such reactor is required if 
a large earthing resistance is used; the use of high-voltage filters in 
star entails the use of a large inductance for neutral earthing (at a 
small operating current). 


In order to exclude the third harmonic of current from the network, 
one of the transformer windings is usually connected in delta for the 
local load. 


Low-inductance reactors (5 to 6 per cent) are usually connected in 
series with the capacitor banks in order to retard the commutation of 
current in the bulbs in the phases of connexion of the bridge. 


The vector diagram and analysis of normal conditions is similar to 
that in Section 3, 
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Reliability 


A hybrid system has also been proposed in which a low-power (e.g. 
one third of the required total power) synchronous machine and a bank 
of static capacitors (e.g. two thirds of the required power) are used 
simultaneously for purposes of phase compensation at an inverter sub- 
station. It wag hoped to reduce losses by maintaining smooth continuous 
control of the voltage on the system bus-bars. 
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Pig. 7. Oscillograms of transient behaviour in an inverter 
with series-parallel static phase compensation in the 
presence of a momentary three-pole short circuit 
in the inverter systen, 


But investigations (and especially tests) have not confirmed that 
this is an expedient solution owing to its inadequate reliability in 
operation. If momentary disturbances occur in the operation of the in- 
verters (e.g. failure to fire or breakdown of a bulb), or if short 
circuits occur, etc, reversal of the inverter usually takes place, and 
the process of pulling it back into operation is more difficult inas- 
much as the power of the synchronous machine is lower, the correspond- 
ing inertia constant is less and the reactance in absolute terms is 
larger; in other words, a reduction in machine power (owing to the use 
of static capacitors) has a marked adverse effect on the operating 
stability of the machine and the inverter substation as a whole. 


Even in the system with a synchronous condenser (version 1) a reduc- 
tion in ite excitation and loading with the voltage maintained constant 
(but the active load of the inverter reduced) has an unfavourable effect 
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on the operating stability of the synchronous machine and inverter, 
especially in the event of momentary disturbances to the normal opera- 
tion of the inverters and system. If a disturbance occurs in the normal 
operation of the inverter in a system without a counter-e.m.f. and a 
stoppage of the synchronous machine takes place, this results in a 
lengthy shut-down of the system, since it takes time to re-start the 
machine and resume operation, 


Tests on models have shown that with static systems (Sections 2,3, 4) 
normal operation can quickly be resumed automatically after a momentary 
disturbance or short-circuit in the system, Automatic reclosure on the 
rectifier side is sometimes required in the parallel static compensa- 
tion system. Systems 3 and 4 with series-parallel static compensation 
are the most stable. Here operation is resumed without external inter- 
ference, provided an automatic device for shunting the reactor valves 
is used on the line reactors of the inverter [4]. 


Moreover, systems 3 and 4 can disconnect and connect the inverter by 
taking away the supply of control pulses of the inverter itself. No 
provision is made for this in system 2. 


From test results, the stability of inverters with series-parallel 
static phase compensation is very high. This may be illustrated by the 
following example of a model. An operating loaded inverter with anormal 
quenching angle (6 = 18 to 20°) experienced a sudden large increase in 
load which reduced the angle 5 and “reversed” the inverter. After a 
subsequent reduction in load, or on connexion of an additional parallel 
capacitance on the inverter bus-bars, the system resumed normal opera- 
tion without any interference. 


After the clearance uf a short-circuit in the receiving network, 
different in polarity and distance (right up to the inverter bus-bars), 
the inverter resumed normal operation automatically. The oscillograms 
in Fig. 7 illustrate the case of a three-pole short-circuit in an 
inverter system using series-parallel static compensation. 


Conclusions 


1. To colve the problem of economical d.c. transmission of medium and 
low power, attention should be concentrated on producing simple and 
reliable inverter substations which are able to operate into receiving 
systems without the counter-e.m.f.’'s of local power stations, 


2. The most economical and reliable inverter substations for such 
outlying regions are those based on static phase compensation with 
series and parallel capacitor banks (the systems described in Sections 
3 and 4). 
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3. Prototype inverter plants ought to be constructed in order to 
verify these conclusions under operating conditions and they should 
then be put into mass production. 


Appendix [. Simplification of electrical calculations 
for operating conditions and converter characteristics 


The commutating e.m.f. of an inverter at the end of a transmission 
line may be taken as the alternating voltage on the bus-bars; in this 
case a sinusoidal voltage shape must be ensured by connecting a set of 
filters tuned to higher harmonics of the converter current to the a.c. 
bus -bars. 


This initial proposition is obviously correct and tests have con- 
firmed tha: it is so. It considerably simplifies the analysis of normal 
inverter conditions, since it allows the criteria of the a.c. system at 
the inverter bus-bars to be ignored without loss of accuracy. 


Appendix II. Correspondence with the rated voltage 


In view of the possibility of designing inverter substations without 
gain transformers, it is important to establish correspondence between 
the rated voltage of the system (a.c. side), the rectified voltage 
(d.c. transmission), and the probable number of bridges. 


The relationships are given in the following table: 


Rated alternating | Number of bridges | Rectified Approximate power 
voltage, kV per pole transmission of circuit, MW 
voltage, kV 

35 1 100 10 - 30 

35 2 200 50 - 150 

110 1 300 200 - 400 

110 2 600 - 

220 1 600 500 - 1000 


Translated by 0.M. Blunn 
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THE THEORY OF TRANSFORMER OPERATION WITH 
A MAGNETIZED SHUNT* 


V.1I. SHAROV 
(Moscow) 


(Received 28 June 1961) 


Use is now being made of devices which utilize the magnetization of 
transformers, auto-transformers and reactors (chokes) for the voltage 
control of all kinds of electrical gear. Such devices are very promis- 
ing in view of their many advantages: reliability, durability, con- 
tinuous high-speed control, high efficiency, etc. 


Magnetized shunt transformers and auto-transformers occupy a special 
position. Elements of a theory of operation, a method of design and the 
means of using them in automatic control systems have already been 
worked out in the Gorkii Polytechnical Institute under the direction of 
A.M. Bamdas [1]. However, certain fundamental aspects of the theory of 
these devices still require further study from the design point of 
view. 


It is possible to apply the general theory of magnetic amplifiers, 
since the devices in question can be represented as magnetic amplifiers 
operating as transformers. 


The performance of a magnetized shunt transformer (see Fig. 1) will 
now be analysed under the same conditions as are adopted in studying 
the performance of an ideal magnetic amplifier, i.e. it will be assumed 
that the magnetization curve of the core material is rectangular in 
shape and that neither loss or leakage occurs. The total mm.f. of a 
closed circuit consisting of non-saturated sections of a magnetic 
circuit will then be zero. Suppose that the bars / and // and the shunt 
IIIT are equal in section and that the supply voltage U, is such that 
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saturation of bar ] does not take place. Consequently there will be no 
saturation of bar // or the shunt if the latter is not magnetized. 


749% 
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Fig. 1. Transformer magnetic amplifier with 
shunt magnetization. 


Consider first the operation of the transformer on no load, If 
magnetization is absent, the secondary voltage U, in given by the 
transformation ratio and the distribution of the flux between bar IJ 
and the shunt owing to the primary winding. The flux distribution in 
the first instance depends on the relationship between the sections of 
the bar and shunt and that between the lengths of the adjoining 
portions of the yoke. To find the distribution of the magnetic flux it 
is also necessary to consider the air gaps in the core construction 
and the actual shape of the magnetization curve of the core material. 
With increasing magnetization of the shunt, the voltage U, rapidly 
builds up and reaches maximum even while the control m.m.f.’s are still 
quite negligible and the whole flux of the primary winding w, is closed 
across bar IJ 


A magnetized shunt transformer can thus control the voltage even on no 
load, which is an advantage over conventional magnetic amplifiers. 


Now consider a load resistance on the L.T. side. In the absence of 
magnetization the whole flux of the primary winding is closed across 
the shunt and the secondary voltage and current in the secondary wind- 
ing are zero. But since it is assumed that the magnetization curve of 
the core material is ideal, it follows that the mm.f. in a closed 
circuit consisting of bar J and the shunt must likewise be zero in the 
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absence of magnetization. Furthermore, since the only m.m.f. in this 
circuit is that produced by the primary winding, the primary winding 
current is zero too. The current in the secondary winding is also zero. 


On magnetization of the shunt the m.m.f.’s are equal as for a simple 
magnetic amplifier: 


Fy 
where F, is the mm.f. of the primary winding, F, that of the secondary 
winding, and F, that on each bar of the shunt. 


It will be seen by considering the closed circuit of bars J] and IJ 
(i.e. that of the non-saturated portfons of the magnetic circuit) that 
F, is equal to F, for any degree of magnetization and any load: 


Faw F.. 
Moreover, in order that part of the flux of the primary winding may 


be closed across the shunt, a.c. and d.c. m.m.f.’s must be equal, as 
in a conventional magnetic amplifier, i.e. 


af =F. 


Like a conventional magnetic amplifier, conditions of over-excita- 
tion and saturation can occur during the operation of a magnetized 
shunt transformer, and the a.c. and d.c. m.m.f.’s are then no longer 
equal. Over-excitation sets in when the shunt cross section is such 
that the induction in the shunt periodically attains the value of satu- 
ration induction during operation of the transformer on load in the ab- 
sence of magnetization. In this case the magnitude of the current in 
the secondary and primary windings will be greater for the same load, 
the smaller the section of the shunt, since from the instant of satura- 
tion the flux begins to close across bar I] and the device operates as 
a conventional transformer until the instant the shunt is de-saturated. 
The condition of saturation sets in when the current in the secondary 
winding attains its maximum value 


eax 


where r is the load resistance. 


A further increase in magnetization results in no further increase 
in load current. 


Thus, the sain characteristic of a magnetized shunt transformer 
which relates the load current to the control current or the a,c, 
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m.m.f. to the contro] m.m.f. (see Fig. 2) is exactly the same in shape 
as that of a simple magnetic amplifier. A device with this character- 
istic can easily be converted into a current stabilizer since it is 
only necessary to maintain the control m.m.f. constant. 


% 
YEAR | Fig. 2. The fundamental characteristic of an ideal 
196] transformer amplifier with shunt magnetization, 


The shape of the curve for the variation of the load current and 
control-circuit current varies with the degree of suppression of even 
harmonics in the control circuit and transient phenomena in the wind- 
ings, and is similar in shape to that of the curve for a conventional 
magnetic amplifier. 


It should, however, be pointed out that the core wagnetization curve 
is substantially non-rectangular in practice and especially so for 
laree magnetized shunt transformers, large magnetic amplifiers and 
saturxble reactors in view of the use of normal electrical steel and 
the presence of air gaps. Actual test curves for real magnetized shunt 
transformers will differ considerably from the foregoing ideal charac- 
teristic, and a detailed analysis of such devices must be based on an 
approximation of the core magnetization curve hy some mathematical 
function. The characteristics of magnetized shunt transformers are also 
greatly affected by the increased leakage inductance of the windings 
due to the rather unusual arrangement (for transformers) of the power 
windings and the position of the magnetization windings in relation to 
the a,c. windings. 


It will be seen from Fig. 1 that a magnetized shunt transformer 
possesses the property of reversibility, i.e. if the winding w, is con- 
nected to the alternating voltage, the voltage from the winding w, can 
be regulated by varying the magnetization of the shunt. The foregoing 
analysis remains volid for this case also. 
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There is such great similarity between magnetized shunt transformers 
and. conventional magnetic amplifiers that magnetic-amplifier theory can 
be used to determine the efficiency of such transformers in various 
applications and for preliminary design analysis. 


Trenslated by 0.M. Blunn 


1, A.M. Bamdas, V.A. Somov and A.0. Shmidt; Magnetized shant trans- 
formers and stabilizers (Trensformetory i stabilizatory, reguli- 
reenye podnagnichivenies shuntov). Gosenergoizdat (1959). 
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TEMPERATURE COMPENSATION OF TRANSISTORIZED 
RELAY STAGES* 


8.V. KULIKOV 
(Moscow) 


(Received 9 November 1959) 


Transistorized relay systems are now widely used for the control of 
electromagnetic devices and electrical motors. The explanation is that 
transistors acting as switches are capable of switching a considerably 
greater power than the leakage power on the collector. Their capacity 

is only restricted by the maximum current and voltage. For example, a 
PD-4-type transistor is capable of switching 200W and a P207 transistor 
about 1 kW. 


Industrial control systems often require relay circuits with a low 
and highly stable threshold of operation. In the design of transistor- 
ized relay circuits which are sensitive to changes in temperature it is 
therefore important to determine the effect of temperature on the 
"threshold quantities" (see below) and find methods of reducing this 
effect. 


Factors determining threshold stability 


The transistorized relay circuit is usually a non-linear amplifier 
with total positive feedback. Since the feedback circuit is in the 
majority of cases composed of passive stable elements, it follows that 
the amplifier is the main cause of instability of the threshold quanti- 
ties, i.e. the instability of the regions of cut-off, saturation and 
the active region. It is expedient and convenient to express these 
regions in terms of the forward transfer characteristic of the transis- 
tor 
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I, Yor a 


b 


where /, is the transistor collector current, U, , the voltage between 
the emitter and base, and /, the base current. 


An analysis of the forward transfer characteristics of the most 
common Soviet transistors (types P13 - P15 and P4) has shown that a 
change in temperature form - 50°C to + 60°C both shifts and alters the 
slope of the characteristic. 


The cut-off region is defined by the following equations: 


(1) 

Th = = ‘po (2) 


where U, , is the voltage between the emitter and collector, /, the 
supply source voltage of the collector circuit, /,, the base current in 
the cut-off state, / go the reverse current of the collector junction, 

I ok’ I rh the saturation current and leakage current of the collector 
junction, the reverse current of the emitter junction, and 
the saturation current and leakage current of the emitter junction. 


Por practical purposes it can be assumed that for transistors of the 
types under consideration at cut-off voltages much less than the supply 
source voltage of the collector circuit and for the boundary point 
corresponding to the commencement of the active section [1 | 


Too = Jeo (2°) 


An earlier equation [2] tolds good for a boundary point between the 
region of cut-off and the active regions: 


60 (3) 


where U, ,. ls the threshold voltage between the base and emitter cor- 
responding to the commencement of the active section on the forward 
transfer characteristic I, = Y,,.(U, 4) if U, Ey 
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Strictly speaking, expressions (2) and (3) are contradictory, 
= the voltage U, , is in the cut-off region if I,, = I, (i.e. if 
0). 


In practice, however, there is a basis for the consistency of these 
equations in a very slight increase in the emitter current Sa at a 
voltage Ul. approximately equal to its value at the boundary with the 
active region. 


Both Iho and U, bo depend on the temperature and determine the sta- 
bility of _™ "intial" operating threshold of the relay circuit. The 
region of saturation is defined by the following equations: 


(4) 
I, 
k rh re ko sat (5) 
I 
I > ko sat = ] (6 
6 B ko ) 


where r,, r, are the respective resistances in the collector and emitter 
circuits, /, .,, the saturation current of the transistor, and 8 = H,,, 
the transfer constant of the base current. 


The equal sign in expression (6) corresponds to a boundary point on 
the characteristic between the region of saturation and the active 
region, However, the following equation also holds for this point: 


Th +f 


where S, = Y,,, is the total slope of the forward transfer character- 
istic I, = 4) on the active section. 


te b0 (7; 


It will be seen from equations (6) and (7) that a change in f and S, 
with a change in temperature alters the slope of the forward transfer 
characteristic. But if 8 and S, only change slightly in the given 
temperature range, the forward transfer characteristics are only dis- 
placed, as follows from formulae (2), (3), (6) and (7). Equations (6) 
and (7) define the stability of the "final" threshold of release (relay 
opening time) in a transistorized relay circuit. 


Classification of temperature compensation methods 


In a transistorized relay circuit use may either be made of stage- 
by-stage thermal compensation with the temperature changes of adjacent 
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stages included, or else thermal compensation of the amplifier as a 
whole. In this case the temperature changes of the transistor criteria 
(J po» U,. 8. Sy) are compensated and the forward transfer character- 
istics of the stages (the amplifier) are stabilized, thereby stabilizing 
the threshold quantities of the relay. If not a single one of the stages 
of the relay circuit is in equilibrium in the active region, then un- 
fortunately the temperature compensation methods of linear amplifiers 
in which constant negative feedback is introduced are no longer accept- 
able, because the latter assumes the presence of amplification [3 ]. 


Special methods are required for relay stages (amplifiers). These 
can be divided into three groups. 


Use of fixing diodes and bias voltages. This method of temperature 
compensation produces an “artificial” forward transfer characteristic 
with fixed boundary points between the cut-off, active and saturated 
regions [3 }. 


Thermal resistors (thermistors) may be used to compensate shifts and YEA 
changes in slope of the transistor forward transfer characteristic. 196 
With a low-impedance input signal source between the emitter and base 
of the transistor in the first stage, it is expedient to connect the 
thermistor in series in the emitter-base circuit. For a high-impedance 
source, it should be connected in parallel in that circuit. 


Two control circuits for the next stage are indicated in Fig. 1 for 
high-impedance and low-impedance signal sources. Figure la shows a 
typical control circuit if the switch K is open (the first stage per- 
sume the role of this switch). and the next stage is correspondingly 

‘~uetine’, Figure 16 refers to the case when the switch K is 
gene and the next stage is non-conducting. In the first case (Fig. 1a) 
temperature compensation is effected by connecting the thermistors in 
parallel across a "bias battery", The bias battery can be connected in 
series in the base or emitter circuit. The bias battery can in some 
cases be replaced by a voltage drop such as that across the resistance 
r, (indicated by a broken line) due to the load current of another 
stage. In the second case (Fig. 1b), temperature compensation is 
effected by series connexion of resistance r, across which the voltage 
drop is determined by the value of the thermistor r,- But if the 
emitter-base circuit in the state indicated in Fig. 1 is connected to a 
resistance which is commensurate with the input resistance, then both 
methods of compensation are equally applicable. 


It is, however, necessary to point out that these methods of tempera- 
ture compensation only allow compensation of shifts in the forward 
transfer characteristic. Two methods may be used to compensate changes 
in the slope of this characteristic: the connexion of the thermistors 
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5 5 
A 
Ge 
a) 
Fig. 1. 


in parallel with the input to the stage [2], or in series with the 
d.c. negative feedback circuit [4]. 


The use of temperature changes of the characteristic of a subsequent 
stage to compensate the temperature changes of a preceding stage in 
order to obtain a constant resultant characteristic for both stages. 
This method of temperature compensation can be realized without the use 
of thermistors according to the design of the relay circuit. 


A method of designing two such systems of compensation will now be 
considered. 


Design uethod 


The forward transfer characteristics of the majority of Soviet P13 - 
P15 and P4-type transistors are not altered in shape at positive 
temperatures, but only shifted to right or left (see Figs. 2 and 3a). 
Only such shifts need therefore be compensated. With a small resistance 
in the emitter-base circuit it is necessary to design the temperature 
compensation circuit so as to compensate changes in the threshold volt- 
age U. bo but if a large resistance is involved (Fig. 1a), it is the 
collector current I,, which has to be compensated. In the general case, 
changes in both U, ,, and I,, are considered. 


Suppose it is required to specify temperature compensation for the 
transistorized relay circuit shown in Fig. 4. A silicon transistor 7, 
(P102-type) is used in the first stage and P4D-type transistor T, is 
used in the output stage. Both stages are provided with positive feed- 
back across the resistance r,. The input signal can be supplied between 
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points a and 4, « and c, or 6b and c; the output signal is taken from 
the resistance rg. Temperature compensation of the first stage is 
effected by means of an MMT-1 thermistor, and that of the output stage 


mA 


a 


Fig. 2. Porward transfer characteristic I, = Yor e(U,. 4) 
of a transistor in a common emitter circuit: 
t= + 20°C; + 


by a P3V transistor 7, "in diode connexion", The collector current of 
the silicon transistor 7, is negligibly small in the cut-off state and 
so the temperature compensation of the output stage can be considered 
separately (Fig. 1a). 


By way of comparison Fig. 3b shows the characteristics of an output 
stage in which bias across the constant resistance r, 5.1 kis used 
(in place of 7, in Fig. 4). The forward transfer characteristic was 
taken for two temperatures: + 20°C and + 60°C at E,=- 20 V, r, = 
1002, and various bias voltages £’. It will be seen from the curves in 
Pig. 36 that the displacement of the boundary points of cut-off and 
saturation is about 1 mA after a change in temperature. The displacement 
of these boundary points is much less if the transistor 7, is used. 


The required bias voltage £’ is calculated graphically. Figure 3c 
shows the voltampere characteristics of P4D- and P3V-type transistors 
"in diode connexion" with open emitters. Marking off the supply voltage 
E, of the collector circuit at point a on the base, a perpendicular is 


| 
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then erected from this point to the curve JT at point a’. A straight 
horizontal line is now drawn across to the point 6” on curve D. The re- 
quired bias voltage /{’ is then obtained at point 6 by dropping a per- 
pendicular line to the base. It was assumed in finding E’ that U, 5 
and WU, bo were zero, which is quite permissible for the method of 
compensation in question. 


oldie | | | I, 
200} — +200 
/ 
—150}-/— 150} 
/ 
+— 100 it, 
=. =42 
/ | 16 
a) b) 
mA | I, 
04 100 
02 50 
b| 


wS 
stm 


15 v 2 mA 
c) d) 
Fig. 3. Forward transfer characteristics I, = Hy, (74) and 
a graphical method of determining the compensation: 


t= + 20°C; = + 60°C. 
E’ - bias voltage 


Figure 3d shows the characteristics of a stage where the above 
method of temperature compensation is used. It will be seen from these 
curves that the boundary points of cut-off and saturation are hardly 
moved at all by a change in temperature (0.05 mA for the cut-off point 
and 0.15 mA for the saturation point). 


It is a corollary of the non-linearity of the voltampere 
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characteristic /) (Fig. 3c) that the temperature compensation circuit is 
insensitive to changes in the bias voltage £’. Owing to this non-linear- 
ity the load in question can be included direct in the emitter circuit 
of the triode without any appreciable shunting of the input (the re- 
sistance r, in Pig. 1a). 


The temperature compensation circuit of the first stage is given by 
the equation 


(A/, - + ) (8) 


where At, is the change in the current through the thermistor: 

— 

(7, + 


The thermal resistance r, must operate on the linear section of its 
voltampere characteristic without any notable heating from the current 


flowing through it. 


Fig. 4. 


Prom test results of relays using the circuit in Fig. 4 and with 
1.2kQ, r, = 1000, ry = 0, rg = 18kQ, = 1145 re = 2500, 
855 0, 250 2, 112kQ, Ey, = - 12 V and = 12 V: 


On supply of the input signal between points a and 6, the operating 
current was + 504A at temperatures between + 20°C and + 60°C. The out- 
put (collector) current of the transistor 7, did not exceed 1 mA in the 
cut-off state at + 60°C. 


Temperature compensation by the third of the foregoing methods was 
_ adopted in a relay with the circuit shown in Fig. 5. Here the output 
stage (the transistor 7,) is controlled by the first stage (the 
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transistor /,) by the type of circuit shown in Pig. 1b. Serial positive 
feedback was provided across the resistance r<. AS a result of com- 
pensation of changes in the forward transfer characteristic of the 
first staxe corresponding to changes in that of the second stage, the 
instability of the relay threshold quantities was eliminated. 
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Pig. 5. 


The conditions of stable threshold values are obtained by forming 
and solving Kirchoff equations for the two extreme temperatures of the 
operating range of the first and second stages. 


The stability condition of the “initial” threshold of release 
(opening time) is given by the formula 


/ + 7,3] al 


where r),,,,) 18 the input resistance of the transistor 7, in a circuit 
with a common emitter on the initial section of the forward transfer 
characteristic at the maximum temperature; AU, b0¢1): AU, 4 (2) are 
quantities obtained from the graph in Fig. 2 (the subscript f refers to 
the final section and i to the initial section of the forward transfer 
characteristic; the subscripts 1 and 2 refer to transistors 7, and 7, 
respectively). 
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The stability condition of the "final" operating threshold is 


Me 4 Me. b0(2) (10) 
t+ Tufayt ir, +7,) 


The condition of saturation of transistor 7, has still to he added 
to equations (9) and (10): 


L 
“atts 
and also its condition of cut-off 
>] 


Since in all there are seven independent criteria (r), ry, ry, ry, 
rs, &, and £’) and four equations (9), (10), (11) and (12), a more de- 
finite solution of the problem can be obtained if the desired amount of 
bias and the hysteresis loop are considered [5,6]. It siwuld be noted 
that equations (9) and (10) can be replaced by one expression if 
AU MU = graye Bir = Ope 
t the case in practice. 


From test results of a relay which had the circuit shown in Fig. 5 
and r, = 400, ry, = 11 k2, re= 3 = 
12.6 V and E’ = 3.75 V, the relay threshold values remained constant 
and equal to €in(i) = 0.6 V and ¢;,;9) = 1.1 V at temperatures between 
+ 20°C and + 60°C. The output current of the transistor 7’, did not 
exceed 1 mA in the cut-off state at + 60°C. If the criteria had been 
selected without using relationship: (9) and (10), a change in tempera- 
ture would have caused a substantial shift (0.3 to 0.5 V) in both the 
threshold values of the relay [5 |. 


Translated by O.N. 


1. B.N. Kononov; Trigger and relaxation circuits with junction triodes 
(Spuskovye i relaksatsionnye skhemy na ploskostnykh triodov). In 
collection of articles: Semiconductor electronics (Poluprovodni- 
hovaya elektronika). Gosenergoizdat (1959). 
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4. Ya.k. Trokhimenko; Radiotekhnika, No. 9 (1956). 


5. F.L. Varpakhovskii and &.A. Lipman; .Avtomat. i telemekh., No. 11 
(1958). 


6. S.V. Kulikov; Radiotekhnika, No. 4 (1960). 


YEAR | 
1961 | 


ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 11, 1961 


Leading article 


The material and technical basis of Communism and the 
development of power engineering in the U.S.S.'%. (pp.1-6). 


Prime importance is attached to the development of electricity supply 
in the new long-term plans of the U.S.S.R. government. Special atten- 
tion is to be paid to larger coal-burning power stations and generat- 
ing plant. Low-cost gas-turbine plant is also beins developed. The 
work on the single national grid is to continue. Research is being 
carried out on alternative sources of energy (thermo-nuclear re- 
action.the wind, sun, and the interior heat of the eartii) and its 
conversion into clectrical energy. 


Computer engineering 


Transient phenomena in a cireuit with an inductance of 
capacitance and a ferro-magnetic substance with a 
rectangular hysteresis loop. V.£&. Bogolyubov et al.. 
(pp. 60-64). 


To fill a gap in the published literature, a method is proposed for 
analysing transient phenomena in circuits having coils with ferro- 

magnetic cores with rectangular hysteresis loops operating into re- 
active loads. 


Control engineering 


An automatic regulator for the bit feed in drilling bore- 
holes. M.G. &’ skin et al., (pp. 55-59). 


Ad.c. machine with a wide range of speed control has been developed 
for semi-automatic control of the bit feed in borehole drilling. The 
desired axial load or feed speed is maintained constant, as well as 
the equivalent sum. The proposed system is suitable for manv other 


applications. The regulator consists of a reduction gear, executive 
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wotor and amplifier and measuring parts. A position pickup is used to 
measure the main control item, the weight. A full description of the 
device is given. 


Domestic meters 


The class of accuracy of single-phase domestic electricity 
meters. B.N. Dol’nitskii et al., (pp. 70-73). 


Suitable domestic electricity meters are considered. Great individual 
accuracy is not considered essential. 


Power systems 


The effect of additional torque components on the dynamic 
stability of a transmission system with hydro-electric 
generators. V.V. Yezhkov, (pp. 35-41). 
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Previous investigations have apparently shown that considerable error 
can occur in the analysis of dynamic stability of a power system when 
a short circuit occurs near the generator bus, unless the aperiodic 
component of the stator current and the corresponding periodic com- 
ponent of the rotor current is included. A method is proposed which 
includes these components and also takes into account the power loss 
in the stator and rotor circuits and the restraint of the generator 
motor associated with the conversion of its kinetic energy into 
Magnetic energy. 


Insulation 


Various regularities in the breakdown of polyethylene 
insulation. G.P. Delektorskii, (pp. 73-77). 


An account is given of tests on high-voltage polyethylene cable in- 
sulation at 50 c/s and higher frequencies. A mathematical method of 
determining the permissible sustained alternating voltage in poly- 
ethylene cables is proposed. The same formula is claimed to be of 
great value in determining the reliability of components and in tests 
on electrical machines and capacitors. 


The electrical characteristics of multi-layer impregnated 
capacitor paper. D.S. Varshavskii, (pp. 78-82). 


A mathematical method is proposed for determining certain electrical 
properties of multi-layer impregnated paper for power capacitors. The 
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method is based on simple equivalent circuit analysis. Good agreement 
with test results has been found. 


Rotating machines 


The problem of motor reliability. N.A. Tishchenko, 
(pp. 7-14). 


The principles of motor design are considered from the point of view 
of minimum constructional and operating costs. The concept of motor 
reliability is formulated mathematically. An analysis is made of 
capital repairs on 237,000 motors at 122 industrial undertakings. 
Opinions are expressed regarding optimum design. 


Speciai features of the choice of armature windings for 
certain d.c. machines. 1.Z. Ageev, (pp. 48-55). 


The author considers the effect of the type of winding and its design 
on the commutation of 24 kW 30 V d.c. machines with a comparatively 
large range of speed control. Recommendations are made concerning the 
choice of winding and the commutation properties of armature wind- 
ings. 


Transformers 


The technical limits of transformer loads at a.c. traction 
substations in multi-purpose power-supply systems. P.K. 
Denisov, (pp. 23-28). 


On grounds of economy, a.c. traction systems and local consumers are 
supplied from cdmmon three-phase three-winding transformers. A 
mathematical method of selecting their power is proposed on the basis 
of daily consumption. 


Special features of series-connected transformers and per- 
formance analysis. R.N. Urmanov et e«l., (pp. 29-35). 


The non-linearity of series-connected transformer units is considered 
with a view to improving the method of analysis and estimating its 
effect on performance. An example is given. 
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THE TECHNICAL AND PRICE ADVANTAGES 
OF SYNCHRONOUS MOTORS* 


I.A. SYROMYATNIKOV 
Moscow 


(Received 4 August 1961) 


The resolutions of the XXII congress of the C.P.S.U. pay considerable 
attention to electrification, mechanization and automation. 


Much success has already been achieved in the development of auto- 
mated drives in the U.S.S.L. 


From power considerations, the best machines for large electrical 
group drives are synchronous motors. They improve not only the power 
factor, but the stability of the load units and electrical system as 
well, 


Synchronous motors are now replacing asynchronous motors with fly- 
wheels and reduction gears in many branches of industry wherever sus- 
tained outputs are required (centrifugal pumps, fans, ball mills, 
crushers, regeneration plant, rolling mills and so on), as well as for 
shock loads, 


Medium and large synchronous motors may be used in conjunction with 
hydraulic and electromagnetic clutches and couplings in speed-controlled 
drives. 


Synchronous motors can alter the magnitude and "sign" of reactive 
power by varying the excitation current. The mode of operation with a 
"lagging" cos «5 can in some cases be used for voltage regulation on re- 
duced loads, 


The scope for the use of synchronous wotors has been greatly widened 
by the compounding system without machine exciters. 
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Contactless synchronous motors are very promising. They have no 
brushes on the rotor and their construction is simplified accordingly, 
especially for special purposes (proof against arcing or freedom from 
arcing, etc). 


The salient-pole ("claw-shaped") rotor with the excitation winding 
on the stator must be regarded as the best construction for relatively 
small contactless synchronous motors. 


The system with a “dynamic transformer" can be ased for synchronous 
motors of conventional construction with the excitation winding on the 
rotor. A “dynamic transformer" is an a.c. machine with the winding on 
the rotor. A slip-ring induction motor can be used as such a machine. 
This machine is on the same shaft as the synchronous machine. Semicon- 
ductor rectifiers on the same shaft as the synchronous machines are 
connected to the excitation winding on the rotor of the exciter and 
supply the excitation winding of the synchronous machine. Excitation is 
controlled on the stator side. Compounding ensures the necessary 
excitation forcing in all motor operating conditions including reduc- 
tions in the mains supply voltage. This system of excitation is used by 
several foreign firms for large turbo generators as well as for syn- 
chronous motors [1 ]. 


It is advisable to regulate the excitation of synchronous motors 
from considerations of a constant voltage on the substation bus-bars 
with maximum and minimum current limiting and momentary excitation 
forcing in the event of voltage reductions. It is a necessary condition 
for the use of other types of excitation that forcing should be applied 
at reduced voltages. 


For synchronous motors with suddenly applied loads, the use of 
excitation forcing considerably improves the overload capability of the 
motor so that its rated power can be reduced and its operating stabili- 
ty improved [2]. 


When considering the choice between synchronous motors and static 
capacitors as reactive power sources, it must be kept in mind that a 
synchronous motor designed and installed for this purpose is always in 
@ position to provide it, and that static capacitors have a much 
shorter service life. Synchronous motors allow control of the voltage 
and permit momentary increases in the supply of reactive power to the 
network in the event of fault voltage reductions. 


Sometimes it is necessary to increase the power of motors to cope 
with starting conditions. Clutches and magnetic particle couplings are 
very effective here. The motors can be started before the load is con- 
nected. The coupling is not energized until the motor has attained 
rated speed, and engagement takes place only then. The use of such 
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couplings allows the use of smaller synchronous motors at much less cost 
since their starting winding is lightened. Friction clutches can also 
be used. 


Despite the advantages of synchronous motors, some experts still 
stick to the old opinion that their use is inadvisable. Apparently the 
early difficulties with starting and protection have not been forgotten. 
In these advanced times the starting and protection of synchronous 
motors is in most cases simple and very little different from that of 
asynchronous motors. 


New models and the 100 kW series in particular huve been held back 
because their advantages were under-estimated. Only recently has the 
Armelektro works’ branch of the All-Union Electrical Power Research 
Institute started work on the development of a series of synchronous 
motors with semiconductor rectifier excitation. Technical specifications 
have so far been approved for four series of machines: 55 kW 1000 rev/ 
min, 55 kW 1500 rev/min, 75 kW 1500 rev/min and 100 kW 1500 rev/min. 


But the value of such machines also depends upon their cost. A com- 
parative cost analysis must consider the fixed capital outlay, working 
capital requirements and power losses. The value of a particular series 
depends on its purchase price and running cost. Its utility cannot be 
judged from production cost, operating cost or capital outlay 
separately. 


In comparative cost analysis, it is necessary to consider the time 
taken to recover the investment and relate the extra capital outlay or 
purchase price to future savings in production or operating cost {3 ]. 


The recovery time 7 is definable as the difference in purchase price 
divided by the annual savings from the acquisition. It is given by the 
formula: 


where K, and C, are respectively the fixed capital outlay and annual 
working capital requirements (production costs or running costs) for 
the one alternative; and Ky, C, the same for one other alternative. 


This recovery time 7 is then compared with the standard recovery 
time 7” for the industry in question (e.g. 8 y). 


To compare more than two alternatives, the estimated annual expendi- 
ture £ on each alternative is obtained by adding a standard proportion 
of the purchase price (or capital outlay) to the annual running costs 
(or production costs) by the formula 


Synchronous motors 


E=C+2,—C+ (2) 


where E is the estimated annual expenditure; and p’ a standard coeffi- 
cient of efficiency (the reciprocal of the standard recovery time 7). 


The version with the lowest value of £ is considered to be the best 
proposition. 


The efficiency coefficient p’ is taken as 0.125, which corresponds 
to a standard recovery time 7’ = 8 y. 


To decide whether to use synchronous or asynchronous motors, it is 
necessary to compare: 


1. A synchronous motor operating at cos ~ = 1 with an asynchronous 
motor and static capacitors whose power is selected so that cos 4 = 1; 


2. A synchronous motor at cos 4 = 1 with an asynchronous motor with- 
out static capacitors for the case when the reactive power can be 
obtained from other sources at very little expense; 


3. A synchronous motor and static capacitors at cos = 1 and a 
synchronous motor at cos ¢< 1. In this case the power of the static 
capacitors is made such that cos ¢ is the same in both cases. To com- 
pare synchronous motors having cos ¢ < 1 which are now in production, 
the decrease in cost for operation at cos d= 1 is not to be included. 


It is a different matter when adopting cos 4 = 1 for a new syn- 
chronous gotor. The variation in the price of a motor with the reactive 
power it produces has to be included then. The specific cost of 1 kVAR 
of reactive power is always much less than the specific cost of 1 kVA 
of total power in a synchronous generator or motor. The explanation is 
that for the same active power the total power varies in inverse pro- 
portion to cos ¢ whilst the reactive power is proportional to tan ¢, 
Thus, the total power of a synchronous machine with (the standard) 
cos ¢° = 0.9 is as much as 11 per cent greater than that of a synchro- 
nous machine with cos ¢° = 1. At the same time, the reactive power is 


0.48 of the active power. 


The specific cost of 1 kVAR for synchronous machines is 


c’—C 


where C” is the cost of a synchronous machine with the standard power 
factor less than 1; Q... the rated reactive power; and C the cost of a 
asynchronous machine with the standard power factor cos ¢° = 1 at the 
same rated active power. 
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Formula (3) can be written in the form 


ps’ —D,S 
K Q (4) 
nos 
and hence for synchronous motors 
D WD, 
and for synchronous generators 
D 
K (1 — cos (6) 


where »,° is the efficiency of the motor at the standard power factor 
of 1; D the specific cost of 1 kVA at the standard power factor 
cos } < 1; PD, the same for cos ¢’ = 1. 


The ratio ),/D is always greater than 1. It varies between 1.02 and 
1.09 for different types of motor at cos ¢’ = 0.9. This cost ratio can 
be replaced by the ratio of the gross or specific weights. 


From (6), if D,/D= 1, for cos ¢’-= 0.9: 
1—0.9 
K, = = 9-23D, (7) 
and for cos ¢’ = 0.8: 
—@. 
K = K ~ —0.33D. (8) 


Actually K. and K, are less, since the specific cost of a machine 
decreases with increasing rated power. 


The value of K, for various types of synchronous motor is shown in 
Table 1. 


The cost of static capacitors is relatively high: (with erection 
cost included) 8.5 roubles/kVAR if U.|. = 380 V, and 6.5 roubles/kVAR 
if U... = 6 kV. The advantage therefore lies undisputedly with 
synchronous motors as sources of reactive power from the point of view 
of capital outlay. 


To compare these alternatives it is necessary to determine the 
losses in the synchronous motor in operation with cos ¢= 1. Under 
these conditions the stator and excitation currents are minimum. The 
variation in the iron loss can be ignored. The voltage at the stator 
terminals is equal to the rated voltage. If the losses in the stator 
windings AP, and rotor AP_, are known in rated operating conditions, 
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TABLE 1. 
Standard efficiency 
coefficient P's kW 75 250 1300 3000 1500 3500 
Standard power 
factor (cos 5") 0.9 0.9 0.9 0.9 0.38 0.9 
Speed na, rev/min 1000 1000 1500 1500 3000 3000 
Rated voltage, 
= kV 0.38 | 0.38 6 6 6 6 
Specific cost of 1 
kVAR (motor), 1.49 | 0.99 | 0.485 | 0.465 ]}1.72 | 0.92 
roubles/kVAR 


then in operation on rated active load and at cos “= 1, the losses are 
found from the formula 
YEA 
(9) 


where AP_ are the losses in the stator steel and mechanical losses; 
and k, = J, ,/I,,., 1s the excitation current multiple at cos /= 1. 


Values of k, are given in Table 2 for cos # = 0.9 and 0.8 as a 
function of the short-circuit ratio k scr 00 rated load. 


TABLE 2. 


Short-circuit ratio, Puss 0.5 0.7 1 1.5 2 


Standard power factor, cos ¢°.0.9 | 0.77] 0.77 | 0.79 | 0.79] 0.81 
" cos 0.8 | 0,68 | 0.68 | 0.69 | 0.72] 0.73 


At an active load other than rated load, the eacitatior-current 
multiple can safely be found from the formula 


/ ! + (10) 
+24,sin 
where 
P, Py 


aos Puce 


P, is the active power consumed from the network; and xq the synchron- 
ous inductive reactance in relative units. 
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The stator current multiple is 
+ =f cos 9%, (11) 


The loss component of a synchronous motor, which depends on the re- 
active power other than the rated power, can be found from the formula 


ap, =A (12) 
noe 
If 
Q=Qnoa 
The total losses in a motor on operation with cos {= 1 are 
LAP = LAP, — (A+ B). (13) 


The value of A and B for various types of synchronous machine is 
given in the appendix (see also Elektrichestvo No. 3, 1961[4]). 


Incidentally, on operation with cos @ = 1, there is a reduction in 
losses and heating of the rotor and stator windings in synchronous 
motors and consequently their working life is greater. The reduction in 
winding temperature gives an additional reduction in losses of about 
ten per cent. 


In some cases it is also necessary to consider the additional saving 
due to the reduced active power loss in the supply sources and network 
with the reduction in reactive power owing to the installation of 
synchronous motors or static capacitors. 


The losses in the resistances r of the network elements (overhead 
lines, cables, reactors, transformers) are found from the formula 


AP — AP. a: (14) 
Bose 
where 
AP. = (15) 


If the change AQ in reactive load affects the load of the synchro- 
nous machine or network appreciably, the loss variation is given by the 
fornula 


Ap==ZAP, —ZAP,, (16) 


where AP, represents the losses in the synchronous machine or in the 
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network at the reactive load (; XAP, the same, but at the reactive 
load Q AQ, 


But if the reactive load of the synchronous machine or network were 
to change by a relatively small amount AQ, the loss variation would be 


where g is the "relative increment" (see below). 


This relative increment is defined as the first derivative of the 
reactive power loss: 


for synchronous machines 


24Q, 
+ 
gt 
for the network 
YEA 
for static capacitors 196 


# —= 0.003 to 0.005 — const. (20) 


It will be seen from these formulae that the relative increments 
vary according to a linear law for the network and synchronous machines. 
A reduction in the requirements of reactive power reduces losses in a 
synchronous machine and the network relatively more for larger reactive 
loads. 


The reactive load must be distributed between the reactive-power 
sources connected in the network (synchronous generators, condensers, 
motors and static capacitors) according to the criterion of equal rela- 
tive increments. In the first instance, sources with the smallest rela- 
tive increments should be loaded. The relative increments of synchro- 
nous machines have been published elsewhere [2 |. 


A comparative cost analysis will now be made of an asynchronous motor 
with static capacitors and a synchronous motor operating at cos “= 1. 


The estimated expenditure on each system is 


where K,, and K,, are the prime cost of the asynchronous motor and 
synchronous motor respectively; ?,,, P,, and P,. depreciation coeffi- 
cients for the asynchronous motor, synchronous motor and capacitors 


608 
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respectively; r the duration of loss for motors at the rated shaft load, 
hr; E, the estimated expenditure on electricity, roubles/kW. hr; K, 
the cost of 1 kVAR of capacitors with the cost of erection and the gear 
for forcing them at reduced voliages included, roubles/kVAR; AP, the 
specific active power loss of the capacitors, kW/kVAR; and 7 the number 
of hours that the capacitors are connected. 


Whenever a synchronous motor costs more than an asynchronous motor 
with or without capacitors, the expediency of using a synchronous motor 
depends on the saving in electricity costs. The saving in electricity 
is proportional to the product of the number of loss hours times the 
cost of | kwh. It therefore follows that synchronous motors are 
advantageous in sustained operation, 


Example 1. The specifications of the asynchronous motor are: 55 kW, 
1000 rev/min, 380 V, 7” = 0.91, cos ¢” = 0.87, Q... = 34 kVAR, ZAP = 
5.5 kW, price 242 roubles. 


Those of an SM-type synchronous motor are: 


56 kW, 80 kVA, 380 V, cos = 0.8, 7° = 0.88, = 48 kVAR, AP, = 
roubles, 


The capacitor specifications are: 


U = 380 V, K, = 8.5 roubles kVAR, AP, = 0.005 kW/kVAR. 


The purchase cost of the motor and capacitors is 242 + 8.5 x 34= 
531 roubles. 


If the synchronous motor were planned to operate at cos ¢’-= 1, its 
price would then be about 560 roubles. Thus, in this case the 
synchronous motor would cost 29 roubles more than an asynchronous motor 
with capacitors. 


Since capacitors have larger depreciation allowances, the estimated 
expenditure, which is proportional to capital investment, will be some- 
what less for the synchronous motor. 


In fact, for the synchronous motor 
560 (0.125 4- 0.00) <= 104 roubles, 
and for the asynchronous motor and capacitors 
242 (0.125 40.06) 8.5-34(0.125 0.1) = 110 rouwles. 


Since the losses of a synchronous motor at cos ¢= 1 are less than 
those of an asynchronous motor even if the capacitor losses are ignored, 
a synchronous motor designed for operation at cos ¢= 1 is more 
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economical. 

A 56 kW synchronous motor with cos 0.8 which can be operated at 
cos ¢= 1 is only more economical than an asynchronous motor and capa 
citors at an electricity cost of 0.91 roubles ‘kWh if the number of 


loss hours is 4220. In this case the estimated expenditure is the same 
for both systems (ignoring capacitor losses). In this example an old 
type synchronous motor with a machine exciter has been considered. New 
synchronous motors with cos 1 without machine exciters are cheaper 
than asynchronous motors with capacitors. For example, the US\V-91-4 

type synchronous motor with semiconductor rectifier excitation at 

cos @ = 0.9 has losses of 4.94 kW n” 91.75 per cent and its price 

is only 427 roubles. At cos 1, the losses are 4.25 kW. This motor 

is cheaper than an asynchronous motor with capacitors and lower losses 
even in operation with cos ¢ 0.9. Its use is therefore rational] 
whether for sustained or shock load Cases occur in practice when there 
is no need to produce reactive power, e.g. when synchronous motors are 


connected to the generator volta hus -b In such cases operation of YEA 
asynchronous motors with cos 1 is advantageous. In practically every 196 
case the synchronous motors have a higher efficiency than asynchronous 

motors. In any particular case the ivisability of using synchronous 

motors should be worked out without including the cost of the static 


capacitors for the asynchronous motors. 

The conditions under which the greater purchase price of a synchro- 
nous motor can be recovered out of savings in electricity will now be 
considered. 

It can be assumed that the depreciation coefficients are the same 
for asynchronous and asynchronous motors. It is supposed that p= ; 


fr = P, The estimated expenditure for a synchronous motor is 


ac “e es 
that for the asynchronous motor is 


Substituting in (23) and (24) respectively 


AP... = P(l - Nea and = P(l oe) Mes (e) 

the estimated expenditures are 
2 + rE PO (24a) 


Example 2. The specifications of the DS -13-52-8A-type syrchronous 
wotor are: 
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575 kW, cos 0.9, cos «> 94%, ~\/’ = 36.7 kW, price 
4410 roubles. 


The specifications of a DAMSO-1512-8 asynchronous motor are: 

570 kW, y° 92.5%. price 3580 roubles, \ \/’ = 46.2 kW. 

The loss difference is 9.5 kW, 

Assuming that r 1000 lr, = 0.1 roubles ‘kwh and that 


re. 0.125 + 0.0 0.185. 


roubles . 


roubles 


Thus the synchronous motor is the better economic proposition. More- 


j 


over, the decrease in reactive power is 


aoe 


{J KVAR 
Now consider the extra saving when supply is from a T-2-25-2-type 
25 MVA turbo-generator for which the relative increment (see the 
appendix) is 


If the generator is operating wit! approximately rated reactive 
load, the saving in power in the generator is 
’ roubles, 
which favours the synchronous motor system. The loss difference is 


12.56 instead of 9.5 kw. 


If the reactive power load of the generator were 0.25 of tated, the 
saving would be 


Example 3. The specifications of an STM-1500-2-type synchronous 
motor are 


609 
an 
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1500 kW, 1740 kVA, 6 kV, cos ¢’ = 0.9, 7° = 95.65%, 760 kVAR, con- 
stant losses 36.3 kW, stator copper loss 11 kW, additional losses 11 kW, 
excitation loss 10 kW, SAP = 68.3 k¥, price 14,600 roubles. 


It is connected to a 10 MVA works transformer with short-circuit 
losses of 92 kW. 


Operation at cos ¢= 1 will be considered. 
From the appropriate table in the appendix 
A= 4.68 kW and B= 3.5 kW 


The losses in a synchronous motor at cos /= 1 are 


LAP = 68.3 — 4.68—3.5 = 60.1 kw —96.15"/,), 


The total power is 1560 kVA, 


The estimated expenditure at r = 4000 ir and £, = 0.01 roubles/ 
kWh is 


196 
14.600.0.185 -+- 4 000-0.01.60.1 — 5 140 roubles 


The specifications of an ATM-type asynchronous motor are: 


1500 kW, 6 kV, cos ¢’-= 0.88, n° = 95%, 855 kVAR and the price 9810 
roubles. 


The losses in the asynchronous motor are 


1 500 
LAP = -(1 — 0.95) =-79 kW 


The loss difference is 18.9 kW. 
The estimated expenditure is 
E = 9810-0.185 +-4000-0.01.79 = 4970 roubles 


We also require to determine the decrease in losses in the trans- 
former if the reactive power is reduced by 855 kVAR. The losses in the 
transformer due to the reactive power are 


Assuming that the transformer load is 9 MVA in the period of maximum 
at cos ¢= 0.8, the losses in the transformer from the reactive power 
Q, = 9 x 0.6 = 5.4 KVAR are 


AP, =0.92-5.4°=26.8 a0. 


YEA 
OP, = 0.920 
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The relative increment for the reactive load of 5.4 MVAR is 


2-26, Q 

If a synchronous motor at cos ¢ = 1 is used instead of the 
asynchronous motor, the reactive power of the load is reducea by 855 
kKVAR and the reactive power transmitted through the transformer will be 
4.54 MVAR. The active losses in the transformer are reduced by 


— AP, =0.92-% (5.4°—4.54)=7.85 kw. 
The same result (7.85 kW) is produced by the formula 


where 


The loss difference is 26.75 kW. The extra saving is 4000 x 0.01 x 
7.85 = 315 roubles. 


Thus, the estimated expenditure for a synchronous motor at cos ¢= 1 
is 5140 —- 315 = 4825 roubles if the change in reactive power require- 
ments is included, i.e. it is 145 roubles less than that for an 


asynchronous motor. 
Now consider operation at cos ¢= 0.9. 


The decrease in reactive power is 
Q= 760+ 8551615 kvar. 
The decrease in active losses in the transformer is 
AP. — 4P,, = 0.92 (5.4* — 3,785*) = 13.7 kw 


The estimated expenditure is 
= 14600.0,185 + 4000 


0.01 (68.3 — 13.7) = 4 890 roubles 


Thus, a synchronous motor witn cos ¢= 1 is the more advantageous, 
since the estimated annual expenditure is in this case less by 4890 -— 
4825 = 65 roubles. 


Example 4. The specifications of an STW-3500-2 synchronous motor are: 


3500 kW, 4050 kVA, 1770 kKVAR, 6.3 kV, cos ¢’-= 0.9, n° = 96.1%, 
SAP = 142 kW, price 20,900 roubles. 


611 
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Assuming that the distribution of the losses is the same as for a 
1500 kW motor, the constant losses are 77 kW, the stator copper loss 
(including additional losses) is 45 kW and the excitation loss is 
20 kW; 


A—0.19.45 4+-0.05-20—-9.5 kw; 
B- 0.35-20—7 
If cos }= 1, then SAP = 142 - 9.5 - 7 = 125 kW, and 
1 = 3-625 KVA, = 96.54 
The specification of an ATW-3500-2 asynchronous motor are 
3500 kW, 6 kV, cos «)” = 0.85, 7° = 95.4%, price 19,000 roubles. 


For an asynchronous motor 


te 0.69 9 
21 226 kK VAR; 
TAP (| 0.94) 169 
The estimated expenditure for the two systems (the synchronous motor 
and the asynchronous motor without static capacitors), if ; 1000 ty 


and E. 0.01 roubles/ kWh, is 


i 20 000-0 roubles 


19.:000-0.185 169.4090.0.01 
aa 


) roubles 
Thus the synchronous motor with cos 1 is the better economic 


proposition, Moreover, the decrease in reactive power is 2280 kVAN. 


In this particular case the synchronous motor with cos «= 0.9 is 
more advantageous than the synchronous motor with cos l and static 
capacitors. The estimated expenditure for this system is 


20 900.0,185 6.5.1770.0. 22 

125.4 000.0.01 8 000.0 

*1770-0.01 =< 11100 roubles 


That for the motor with cos | = 0.9 is 
1) 900.0.185 4+ 142-4000-0.0] 9570 roubles 
aa 


i.e. it is lo5sU roubles less each year. 


Example 5. For a shaft load of 3900 kW at 3000 rev/min, it is neces- 
sary to choose a synchronous motor. The reactive power can be provided 
by capacitors or by the synchronous motor. An STM-3500-2-type synchro- 
nous motor with cos @= 1 and capacitors may in fact be used. Subtract- 
ing the losses (125) from the total power (4050 &\ shaft power is 
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P— 4050-- 125-3925 kw 


It is assumed that the efficiency remains the same even though it 
Slightly increases due to a reduction in rotor current. The losses in 
this motor have already been determined (see™example 4). 


The alternative is an STM-6000-2-type motor: 
1000 kW, cos ~)” = 0.7, 9°-= 0,952, price 24,500 roubles. 


The reactive power and losses are 


1000-1 .054 
Q 4400 ; 


LAP (1 0.952)== 200 kw. 
To simplify the analysis, it is assumed that the motor losses and the 
reactive power are the same for a shaft load of 3900 kW as for 4000 kW. 


Compare now the estimated expenditure for a shaft load of 3900 kW 
and a reactive power of 4400 kW. If r = 3500 hr, 7 = 7000 hr and E. = 
0.012 roubles/ kWh, then 
20900-0.185 +- 4 400- 6.50 -0.225 
142-3500-0.012 + 4 400.0.005* 

x 7 000-0.012 — 18100 roubles 

== 24 500-0.185+-200-3 500-0.012—12 850 roubles 

In this case the synchronous motor with the larger rated power is 

the better proposition. 


It has been seen that synchronous motors with cos ¢° = 1 are to be 
preferred in practice to asynchronous motors and capacitors for small 
powers. It has also been shown that in a number of cases synchronous 
motors with cos ~ < 1, if operated with cos d= 1, are a better pro- 
position than asynchronous motors, owing to the savings in electricity. 


After a certain point it is more economical to use synchronous motors 
as reactive power sources than capacitors. In this case it is necessary 
to compare a synchronous motor and static capacitors for which cos ¢= 1 
with a synchronous motor for which cos ¢< 1. 


From a certain rated power onwards, synchronous motors are cheaper 
and have better weight indices than asynchronous motors for a particular 
rotational speed. In such cases the capital and electricity costs of 
synchronous motors are lower. For example, the weight of a DSP 1300 kW 
synchronous motor with solid shoes and starting winding with cos ¢=0.9 
and n= 1500 rev/min is very little different from that of a DAZ 
asynchronous motor of the same power. 
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Conclusions 


Synchronous motors should be used extensively in place of asynchro- 
nous motors. For small synchronous motors it is necessary to dispense 
with machine exciters and use semiconductor rectifiers instead. This 

will considerably widen the field of application for synchronous motors. 
For example, a 55 kW synchronous motor with cos ” = 0.9 costs less and 
is cheaper to run than an asynchronous motor with static capacitors. 


There is however a wider field of application for relatively small 
synchronous motors (especially in operation with cos ~%= 1) than for 
asynchronous motors with static capacitors. 


After a certain rated power it is expedient to use synchronous 
motors with a "leading" power factor (cos < 1). The larger the number 
of loss hours, it becomes economically expedient to use them with a 
lower rated power. In certain conditions it is economically expedient 
to increase the rated power of synchronous motors in order to produce 
reactive power. 


In a number of cases synchronous motors with cos ~’ < 1, if operated 
with cos ¢ = 1, are a better proposition than asynchronous motors with- 
out static capacitors, owing to their higher efficiency. 


Synchronous motors should be preferred in all cases for drives which 
are in continuous use for a relatively large number of hours, since 
their economic effect is then maximum, 


Synchronous motors should be used for voltage regulation, 


Synchronous motors must be provided with an excitation forcing de- 
vice which comes into operation at reduced voltages. A similar device 
should be provided for motors with suddenly applied loads. 


The reactive power should be distributed between parallel-operating 
sources from consideration of equal relative increments. 


It is necessary to speed up the development and mass production of 
synchronous motors of all types and designs, including excitation 
systems through semiconductor rectifiers without the excitation winding 
on the salient-pole rotor, without contacts in the excitation circuit, 
but using a "dynamic transformer" and semiconductor rectifiers on the 
motor shaft. 
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Appendix 
AIR-COOLED TURBO GENERATORS 
Type T-2-6-2 T-2-12-2 T-2-25-2 T-2-50-2 
Pog: MW 6 12 25 50.000 
cos 0.8 0.8 0.8 0.85 
A+ B/Q, kW/kKVAR 0, 0047 0.0055 0.0051 0.0032 
A, kW 11.9 30.6 $7.2 62.1 
B, kW 9.5 18.5 36.7 36.7 
B/Q, oe’ kW/KVAR 0, 0021 0.002 0.002 0.0012 
YEAR 
196] HYDROGEN-COOLED TURBO GENERATORS 
Type TV-2-30-2 TV-50-2 TV-60-2 TV-2-100-2 TV-2-150-2 
oo MW 30 50 60 100 100 
cos @” 0.85 0.85 0.85 0.85 0.9 
A+ 
KW/KVAR 0. 0056 0.0041 0.0046 0.0031 0.0025 
A, kW 63.4 75.1 107 116 86.5 
B, kW 41 51 64 76 98 
kW/KVAR 0.0022 0.0016 0.0017 0.0012 0.0013 
DS-TYPE SYNCHRONOUS MOTORS, 380 V, cos ¢’ = 0.9 
Rated Rated speed 1500 1000 750 600 500 
Power rev/min 
_ = 55 kw A+ 
A, kW 0.54 0.66 0.62 
B, kW 2 @ 9,75 0.91 0.90 
kW/KVAR 0 025 0 03 0. 
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Rated Rated speed 1500 1000 750 600 500 
Power rev/min 
= 75 kW A+ B/Q, 
kW/KVAR - 1.042 0.043 0.048 | 0.043 
A, ke - 0.80 0.75 0,80 0.76 
B, kW - 0.89 0.04 1.13 0.98 
B/Q, 
kW/KVAR - 0.022 0.023 0,027 | 0.024 
= 100 kW] A+ B/Q,,,. 
kW/KVAR 0.034 0.038 0.037 0,043 | 0.042 
A, kW 0.82 0. 90 0.78 0.87 0.91 
B, kW 0.95 1.13 1.15 1.40 1.34 
B/Q, 
kW/KVAR 0.018 0.021 0,022 0.026 | 0.025 
= 125 kw | A+ B/Q,,. 
kW/KVAR 0.030 0.035 0.034 0.037 - 
A, 0.92 1. 06 0.95 0.95 
B, kW 1,04 1, 26 1, 28 1.50 - 
B/Q 
kW/KVAR 0.016 0.019 0.020 0,023 - 
= 180 kw | A+ 
kW/KVAR 0.027 0.031 0.030 - - 
A, kW 1,04 1.19 1.12 - - 
B, kW 1.17 1.43 1.38 - - 
kW/KVAR 0.014 0.017 0.016 - - 
= 200 kw | A+ B/Q,,,. 
kW/KVAR 0. 023 0. 024 = 
A, i. lz 1. 24 
B, xW 1. 29 1, 29 - - - 
0.012 = 


B/Q, KWkVAR 0.012 
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Rated speed 1500 1000 750 600 500 
rev/min 
At B/Q, 
kW/KVAR 0.022 0.022 - - - 
A, kW 1.50 1.47 
B, kW 1,37 1.48 - - - 
B/Q, 
kW/K VAR 0.010 - - 
320 kw | A+ 
kW/KVAR 0.02 - ° 
B, kW 1,62 - - - - 
B/Q, 
kW/KVAR 0.01 0.011 - - - 
ESM-TYPE SYNCHRONOUS MOTORS WITH SEMICONDUCTOR 
RECTIFIER EXCITATION, cos %’.= 0.9 
Rated power, kW 55 55 75 100 
rev/min 1500 1000 1500 150° 
A+ B/Q, kW/KVAR 0.0215 0.0235 0.0184 0.0155 
A, kW 0.45 0. 45 0.5 0.534 
B, kW 0. 19 0.245 0. 235 0. 285 
B/Q, kW/KVAR 0, 0064 0.00827 0.00588 0.0054 
DS-TYPE SYNCHRONOUS MOTORS 6 kV, 1500 rev/min, cos ¢’.= 0.9 
Rated power, kW 400 500 630 800 4 1000 
= 
A+ B/Q. Le: kW/KVAR 0.0191 0.0181 0.0158 0.0137 0.0134 
A, kW 2. 40 2.90 3.10 3.03 3.81 
B, kW 1. 45 1.78 2.06 2.62 3. 05 
B/Q, ce kW/KVAR 0.00695 | 0.0069 | 0.00635; 0.00635 | 0.0060 
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STM-TYPE SYNCHRONOUS MOTORS 6 kV, 3000 rev/min, cos @’ = 0.9 


Rated power, kW 750 1500 1500 4000 6000 12,000 
(sic) 
A, kW 2. 58 4.17 5.03 7.30 9.70 14.8 
B, kW 2.80 3.44 4.40 7.30 7.00 13.4 


A+ B/Q,,,. KW/KVAR | 0.014 [0.010 | 0.0074 | 0.0073 | 0.0055 | 0.0021 


KW/KVAR 0. 0072 | 0.0054 | 0.0035 | 0.0036 | 0.0023 | 0.0010 


Translated by O.M. Blunn 
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THE THEORY AND DESIGN OF ELECTROMAGNETIC 
VIBRATION EQUIPMENT* 


A.E. CHESNOKOV 
Odessa 
(Received 9 July 1960) 


Electromagnetic vibrators are simple devices and are widely used in in- 
dustry, but their operation has not been adequately studied. The exist- 
ing methods of analysis fail to take into account several factors which 
determine their output capability as electrical machines. Moskvitin’s 
simplified approach [1] does not provide an adequately rigorous 
analysis of their operating conditions. 


Up 


Fig. 1, The circuit of an electromagnetic vibrator. 


As in the case of a more complicated problem [2], this paper con- 
siders the non-linear variation of the inductance in the operation of 
electromagnetic vibrators. If it is assumed that the inductance L is 
only a function of the displacement x of the armature, i.e. that the 
magnetic system is non- saturated and that hysteresis phenomena are ab- 
sent, a vibrator with the vibrating mass M can be described by the 
following differential equations: 


* Elektrichestvo, 12, 37-40, 1961. 
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(Li) sin of; 
d?; d 


The following approximating function can be used for |.(x): 


L = L, exp(— yx 4-p?x"). (3) 


Here y and p are independent of x. If these coefficients are selected 
appropriately, function (3) quite accurately characterizes (x) quanti- 
tatively and qualitatively. 


Suppose as a first approximation that the oscillation of the arma- 
ture is governed by the following harmonic law: 


x= Acos — $), (4) 
the inductance is expressible by the time function 


exp[— mcos — 4- 


2m, cos* — $)], 
where 


m == yA 


(5) 
m, = ; In = 

The coefficient m defines the relative variation of inductance; the 
coefficient m, defines the shape of the curve L(x) (its concavity). In- 
asmuch as the shape of the curve L(x) depends on the relation between 
the magnetic conductances for the operating flux and the leakage flux 
for the various positions of the armature (i.e. it depends on the con- 
figuration of the magnetic circuit), the most efficient shape can be 
specified for the magnetic circuits of vibrators by introducing the co- 
efficient my and studying its effect on the characteristics of the 
vibrator. 


Since a is always less than 1 and a, is much less than m, equation 
(1) reduces to Mathieu's equation 


4 la 2g sin (2ut v= cos wf, (0) 


YEA 
> 196 
Here 
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i=vu; u==exp[m cos — 4) — 
— m, cos (4ot — 2y)}; 


a= — 8; q= Qaim; b= 


For an electromagnetic vibrator |a| is always much less than |2q]|. 
An approximate solution of Mathieu’s equation therefore is [3 ] 


i== 1, sin (wt — 9) expjm cos — 4) — 


(7) 
where 2m, cos (2wt 


— 48m 
28 


— arc tan 


Hence the current in the vibrator circuit can be regarded as a 
sinusoidal current which varies in amplitude with time. The expressions 
for I, and @ reflect the variation of these quantities with the non- 
linear variation of the vibrator’s inductance defined by the quantities 
m and m,. In particular, if m= 0 and My = 0, these expressions provide 
formulae which hold good for circuits with a constant resistance and 
inductance. 


Oscillation amplitude and phase 


Equation (7), vhen considered with (3) and (4), allows the right- 
hand side of equation (2) to be represented as the function P(x, t). 
Equation (2) can then be transformed into the following non-linear 
equation by expanding the quantity exp (yx- p?x”) as a power series: 


m 


)—(F + aw-+ + ®) 
+ +...) £05 — 29)], 
where w= x/A= (y/a)x is the relative displacement; a), By, yo, «+ 


are coefficients depending on the shape of the curve L(x) and the rela- 
tive variation of the inductance =; and b = »/M and a* = f/M. 


A new time scale is selected: 
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nt = — 29 (n=1, 2, 3,...) 


and w is added to the left- and right-hand sides of (8). This equation 
then becomes 


w +- w tw — ndw 


The following notation is used for the sake of simplicity: 


bo, 
Le 
A, 2 

All the coefficients on the left-hand side of (9) are less than one; 
the solution of equation (9) in w can be found by Mandel’ shtam and 
Papaleksi’s method [4] for any whole-number value of n. Solutions for 
n> 1 permit a thorough examination of the possibility of multiple 
oscillations occurring and existing in electromagnetic vibrators; the 
terms on the right-hand side of (9) which determine their non-linearity 
are most important. 


For normal oscillations (i.e. if n= 1), an approximate solution of 
(9) can be obtained by considering only terms to the first power of w: 


ma 
= sin — 2 (10) 
2V 


where 


Using the same notation, tne following expression can be written for 
the armature displacement according to (10): 


Pm 


A= — 
V (da? — a? — ay + b? (I 1) 
x are tan — 


where P, = y/2M x LyJ,?/2 is the maximum value of the force per unit 
of vibrating mass M/; and 
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6—=are tan — ; 
=== —a,4,. 
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an 
2 


Formula (11) defines the nature of the oscillations of an electro- 
magnetic vibrator which is supplied from a sinusoidal voltage source. 


The motion cof a mechanical vibrator due to a force F = F. cos(2wt - 
2) which varies periodically with time is described by a linear 
differential equation 


The forced oscillations can be tound by the formula 


sin Dorf ie tan le? 1 
YEAR | 
196] \ Comparison of formulae (11) and (12) permits a comparison of the 


displacement which obtains when the periodic variation of the in- 
ductance is included to be made with that which occurs due to a 
periodically varying force. The presence in (11) of a term with ee 
which depends on the electrical criteria of the vibrator, indicates 
that the resonance conditions of an electromagnetic vibrator are some- 
what different from those of a mechanical vibrator. Calculations have 
shown that this difference is sometimes considerable; even though the 
quantity ." may be no more than four to five per cent of 4m? if 

@ = 314, the oscillation amplitude may be under-estimated by 17 to 20 
per cent if it is ignored, 


Oscillation power 
From (5) and (7), the flux coupling of the vibrator winding is 


— Ld, sin (ol - 9). (13) 


Relationships (1) and t(t) are plotted from equations (7) and (13) 
in Fig. 2. The area bounded by the curve ‘/(t) is proportional to the 
mechanical work of the vibrator. 


The power of the vibrator is 
al dW, (14) 


Expanding the amplitude factor in (7) as a power series and substi- 
tuting the value obtained for the current in the integral (14) 
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M,cosd, (15) 
where 
3 
4ea* — a? — a? 
tan 


From (15), the power of the vibrator increases with increasing rela- 
tive variation of the inductance and depends on the concavity of the 
curve L(x). 


Fig. 2. The relationship (i) and the current curve 
of a vibrator for @ = 0. 


The coefficient M, defines the efficiency of energy conversion. Its 
relationship with the electrical criteria of the vibrator on the one 
hand and the required maximum force upon the armature on the other can 
be found in the following way. Suppose x = A sin(2wt - 24 - @) is the 
displacement and F = F, cos(2wt) - 24) the force on the armature. The 
mechanical power of the vibrator is then 


Fdx = AF, cos, (16) 
Equating the right-hand sides of equations (15) and (16): 
M, 
(17) 
Example 


Suppose it is required to design a vibrator for which the mechanical 
power P is 500 W, the fibrating mass M = 20 kg, the oscillation ampli- 
tude A= 3 mm, the angular frequency of vibration 2w = 628 1/sec, and 
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the rated voltage U = 380 V. 


Given average values of the coefficients m and m,, & start is made 
by calculating the current, the number of turns in the winding, the 
cross-section of the magnetic circuit and its shape and dimensions. 


In practice, the “modulation coefficient" of L is between 0.6 and 
0.9. Suppose it is m= 0.75. Initially it can be assumed that a, * m/4. 
“, is 0.317 for these two values of m and a,. 


The maximum linear speed of the armature is 


The force acting on the armature is found from (16), At resonance 
(0 = 0) 
YEAR Expression (17) provides the energy of the magnetic field correspond- 
196] ing to maximum flux coupling: 
0,003-530 


2 M, 0.317 


The inductance for the central position of the armature can be esti- 
mated from the following considerations. Assuming that the air-gap 5 is 


small 
I, >= wl, 
fy definition 
Un 
Wy ° 
and hence 
Un V2 


le = 9292 


The preliminary estimate of the current is 


2.5 


The number of turns in the winding and the cross-section of the 
ma;.netic circuit can be selected by assuming that the magnetic reluc- 
tance of the armature is equal to that of the airgap 5). Then 


w? Ss 
Ly= = He 


Putting 5, = 3.9 om and specifying a cross-section S of 25 ca’, the 
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number of turns w is 840. 


The maximum flux is 


L 0, 292.5.87 
®,, ve = = 214-109 Vv, sec 
The effective flux density 

®,, 2.04.10-8 


2-10-*V¥2 
The specific m.m.f. corresponding to this density is i = 133 A/m. 


The magnetic permeance of steel is 


B 0.578 
a= 103 =5.6-10 H/m. 


Given the shape and dimensions of the magnetic circuit (see Fig. 3), 
its magnetic reluctance is 


44.10-2 
R= pS 5,6-10-*.25-10-* 
3.14-10° 


Fig. 3. The magnetic circuit of a vibrator. 


Bearing in mind that 
$= 29 +0+->, 


and expanding the exponential factor in equation (7) as e@ power series 
(spart from the third term) 


+mV¥T (1 = sin 6]. 
If the vibrator is turned to resonance, the effective current is 


YEAI 
196) 
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5.87 / 11 
¥2\8 ‘ 


Finally, the values L..., Ly and L,;, for the selected magnetic 
circuit are found by the formula 


w* 
L = 


where /{ is the magnetic reluctance of the magnetic circuit; Gs the con- 
ductance for the leakage flux; G’ the conductance of the air- gap. 


Sotskov’s formula [5] can be used to calculate G, for the particu- 
lar shape of magnetic circuit: 


6 2a 


5 2-5 
4n-10-* = 0.786-10-7 H. 
For a gap 5.,, = 0.9 mm, the corresponding values are 


AY 25 
Gmax = 5.0.09 17.5-10-* H 


and 


ax = 1.22 
3.14: 10°. 17.5 10>? 


Likewise for 5, = 3.9 mm: 
Gy = 4.62 x 107 H and L, = 0.334 H 


for = = 6.9 mn: 


x 
7 
G in 2-38 x 10° and = 0.22 H 


The actual value of the coefficient am is 


L max 


] 
m= In = 0.855. 


The actual value of the coefficient m, is 


The actual value of the efficiency of energy converison is My, = 0.3, 
The damping of the coil circuit for r = 2.6 Dis 


1 max min 
m, = == 0,22. 
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2.6 


8 9949-8 — 5.1 I/sec 


The true current value is 

U,, 380 ¥2 
48? 4+ wt 0.554. S100 
The maximum mechanical power of the vibrator is 


= 34 


5.18 A. 


This power is 16 per cent below that specified. The desired power 
can be obtained by repeating the calculations and bearing in mind that 
the power can be increased by increasing M,. This can be done by re- 
ducing m, with a smaller conductance for the leakage flux and by in 
creasing, for example, the width of the “window” of the magnetic circuit 
and reducing its height if possible. The following table shows re- 
calculated values for larger window widths 9 and 10 cm. It will be seen 
that relatively small alterations in the shape of the magnetic circuit 
produce considerable changes in the work capability of a vibrator. 


My 
ca 


0. 22 . 0. 3 
0,221] 5. 0.355 
0.218] 5. 0. 364 


Translated by O.N. Blunn 


1. A.I. Moskvitin; Electrical reciprocating machines (Elektricheskiye 
seshiny vorvratno-postupatel’nogo dvizheniya). Izd. Akad. Nauk 
SSSR (1950). 


2. A.E. Chesnokov; A study of the oscillation of an electromagnetic 
vibrator with a series-connected capacitor included in its circuit 
(Issledovanie kolebanii elektromagnitnogo vibratora pri malichii 
v ego tsepi posledovatel’no vklyuchennogo kondensatora). Odessa 
Polytechnical Institute, Vol. 16 (1959). 
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9 0.33 | 0.216 | | | 502 
10 0.322 | 0.206 | 0.883 527 
| 
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AN ANALOGUE COMPUTER STUDY OF CURRENT 
TRANSFORMER TRANSLIENTS* 
YA.S. GEL’ PAND 
(All-Union Electrical Power Research Institute) 


(Received 21 July 1961) 


It takes a great deal of time to analyse the transient behaviour of 
current transformers with steel cores even when the load is linear. 


The difficulties are multiplied for non-linear loads. 


Analogue computers are of great assistance in this respect in that 
formerly intractable problems can be solved. 


The All-Union Electrical Power Research Institute (A.c.P.&.1.) used 
mathematical simulation on analogue computers in the development of the 
new current transformer ferro-resonant supply units [1 |. 


The method was based on the transformer equivalent circuit shown in 
Fig. la. The simulation circuit for current transformers with linear RL 
loads in Fig. 1b can be formed without difficulty from the equations 


¥(i,.)- (1) 

where W(t.) is the flux coupling of the secondary winding of the current 

transformer; w, the residual flux coupling; L = L, + Ly the total in- 

ductance of the secondary circuit (t = transformer, |! = load); r = ryt 


r, the total resistance of the secondary circuit; and « the magnetiza- 
tion current of the current transformer**, 


© Elektrichestvo, 12, 40-44, 1961. 


** All the quantities refer to the secondary winding of the current 


transformer. 
420 
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Most interest centres on the simulation of the non-linear magnetiza- 
tion branch of this circuit. Atabekov {1 ] and Sirota [2] have already 
shown that neglect of magnetic polarity reversal in the analysis of 
transient behaviour results in errors which are particularly marked at 
relatively small currents when the load impedance is small. The simula- 

7 


tion of hysteresis curves with special cyc requires a rather compli- 


cated computing system with directly selected parameters |41!. To 
simplify the computins ystem and ensure its stable operation at large 


amplification factors of the resolving amplifiers, use has been made of 
a simple method of delaying the flux variation relative to the magneti- 
zation current. The main magnetization branch is simulated by means of 
a resolving amplifier with diode limiting cells in the feedback (see 

Fig. 2). The phase shift between the magnetization current and the flux 


is produced by a capacitor included in the feedback of this amplifie 


The extent of this shift depends on the magnetic polarity reversal ioss 
and eddy currents. The delay in flux variation relative to the magneti- 
zation current produces loops with special cycles which are analogous 
to hysteresis loops. It is too much to expect complete agreement 
between actual and simulated magnetization characteristics, but test 
have shown that transient behaviour is reproduced with a fully accept 


© 
~ 


able degree of accuracy. 


Pig. 1. a-— equivalent circuit; b— simulation circuit for a 
current transformer with a linear AL load. 


To determine the phase shift, a loss impedance is introduced which 
is calculated by the formula for the power loss in steel 


be 
a) 
tof | iy) 
b) 
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where ke is the specific loss W/g (State Standard 802-54), and G the 
weight of the core g. 


For sinusoidally varying induction at a frequency of 50 c/s, this 


formula becomes 


st 


Hence the conditional value of r, is 


Wsew?.10-4 ‘ 
: (2) 


k ld 
where d is the specific gravity of steel (7.65 for -rade £3 electrical 
steel and 7.55 for grade E4 electrical steel); /, s the length of the 
middle line of force and the cross-section of the transformer core and 


w the number of turns in the secondary winding. 


1 
To rest of 
ciode cells: 


> 


Fig. 2. The input circuit and system of establishing the 
residual magnetization in the non-linear unit: 


LFO — low-frequency oscillator; if no works oscillator 
is available, the required sinusoidal oscillations can 
be produced by three amplifiers with the structural 
scheme corresponding to the equation 


p's + = 0, 


Considering that the method is only an approximation, the value of 
ro from (2) can also be used for actual non-sinuscidal variation of in- 


duction. 

Figure 3 shows a test hysteresis loop simulated by the proposed 
method. The diagram clearly shows the limits of the piecewise linear 
approximation of the magnetization curve. 
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viv) 


Fig. 3. Hysteresis loop recorded on the screen of an MN-7 
machine’s electronic indicator. 


The proposed approximate method of simulating the magnetization 
characteristic cannot reproduce the residual magnetization in the 
current trunsformer core after large short-circuit currents. But this 
quantity can be found from test curves relating the residual induction 
to the maximum induction during the flow of short-circuit current [2 ]. 


The transient behaviour of a current transformer can be simulated in 
the presence of residual core induction by artificially shifting the 
initial magnetization curve. This can be done by supplying a direct 
voltage of appropriate sign to an additional input of the non-linear 
unit (NL) (see Fig. 2). The displacement must gradually decrease since 
the hysteresis loop of the current transformer is symmetrical at the 
end of transient behaviour. This reduction is brought about by an RC 
circuit with a time constant approximately equal to that of the 
aperiodic component of the short-circuit current. 


The accuracy with which the transient behaviour of a current trans- 
former could be simulated has been checked by comparing calculations by 
Sirota’s method [3.¢ ] with oscillograms taken during simulation on an 
MN-7 electronic machine, The test transformer was a TV-35-type 200/5 
current transformer with a load r = 0.3 2 and x = 0.1 2 (including the 
winding resistance), a primary current of 450 A, and a time constant 
for the aperiodic component of current of 0.1 sec. 


Figure 4 shows the core magnetization curve (grade E41 electrical 
steel ) [5] and its piecewise linear approximation. 


The following scales were used: 


frequency — 0.7 c/s, ay = 0.014; 
current 1 V- 2A, m; = 0.5 V/A; 


é0 
20 
J 40 
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‘flux coupling 100 V ~ 0.4 V.sec, m, = 259 V/V sec. 


coe 
70 A/en 
Fig. 4. ——— = original magnetization curve for grade £41 
electrical steel: —~—-O-—— its piecewise linear 


approximation on the MN-7 machine. 


The oscillograms are given in Pig. 5. 
The calculated magnetization currents were as follows: 


without residual magnetization 


6.3 A for t 
7.3 A for t = 50 msec; 


40 msec, 


with residual magnetization 


6.0 A for t = 20 msec, 
10.5 A for t 


30 msec. 
The oscillograms show that good agreement is obtained. 


This system of simulation permits the analysis of transient be- 
baviour in any current transformer for different load resistances pro- 
vided the core is made of the same stecl. A change to other criteria is 
made by altering the amplification factors of the resolving amplifiers: 
the scale of the magnetization curve along the axis iy is changed by 
altering the feedback resistance of amplifier 1; the scale of the mag- 
netization curve in the v-direction is changed by altering the input 
resistance of the appropriate input of amplifier 2; r is changed by 
altering the input resistance of integrator 4; 1 is changed by altering 
the feedback resistance of amplifier 2 (see Fig. 1b). The time constant 
of the aperiodic component of the short-circuit current can be changed 
by the foedback resistance of the amplifier B in the input (perturba- 
tion) circuit (see Fig. 2). The new A.E.P.R.I. ferro-resonant supply 
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to 


12.5 KR 


&0 max 
a 


| 
8 76 XG, 
bg 92-5 max 
b) 


Pig. 5. Oscillograms of the transient behaviour of a TV-35 200/5 
current transformer as obtained on the MN-7 machine. Value 


of the current iy referred to the secondary winding. 


units were simulated like transformers with a parallel RC load. The 
initial system of equations differs from (1) by the expression for the 
flux coupling 


iy fe 
»=Li,+ pC’ (3) 
where i. is the current through the capacitance C vf the ferro-resonant 
circuit. 


Since the load resistance is connected in parallel with the capaci- 
tor, therefore 
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where 1, is current in the load resistance r). 


Pigure 6 shows the simulation circuit for a ferro-resonant supply 
unit connected to a current transformer. 


The A.E.P.R.I. used the results of this type of investigation in the 
development of supply units for a.c. relay protection systems, A fully 
acceptable degree of accuracy was obtained between test results and 
computations [7], 


The proposed system features simplicity and stability, and only a 
few resolving amplifiers are required. The same method can also be 
applied to devices which are transformer loads. In particular, it is 
fairly simple to simulate current circuits in differential protection 
with rapidly saturated single and three-phase transformers. Abrupt y 
variations in the magnetization current of power transformers can also 3 196 
be analysed. 9 


Conclusieons 


1. The transient behaviour of current transformers can be studied 
quite simply on analogue computers. 


2. A simple, stable and accurate system of simulation has been de- 
scribed which dispenses with tedious analytical methods. 


Anpendix 


The criteria of the resolving amplifiers for the simulation of 
current transformers. 


1. Loss in the transformer core. Putting k for the shape of the 
initial section of the simulated curve i.) and R’ for the appropriate 
feedback resistance of the amplifier in the non-linear unit, the cor- 
responding feedback capacitance is 


C’ = f’r, (A. 1) 


2. Constructional criteria. If the non-linearity of wi.) is simu- 
lated in the non-linear unit in such a way that the flux coupling Yo 
corresponds to the arbitrary flux density B, and the current i, to the 
field intensity H,, the items w, s and I may vary as follows: 
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(A. 2) 


Transforser Supply unit Load 
a) 
4 
_r— 
“Sth li, 
su ML su 
YEAR | eat 
196) Me i 


Pig. 6. a— equivalent circuit of current transformer with 
a ferro-resonant supply unit connected to it; b-—its 
structural simulation circuit. (su—supply unit) 


where R epi and Repro are the feedback resistances of the amplifier / 
(see Fig. 16); 


Rig 20 
Ri, B10? as 


where and 29 are the input resistances of amplifier 2 (see 


Fig. 1b). 
3. Inductance. If the input resistance R:, ,, of amplifier 2 is con- 
stant 
mR. 20 


4. Resistance. If the capacitance C,y,, of the feedback capacitor of 
amplifier 4 is constant 


lo w 
iL i r 
| u C rl 
b) 9 
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4 
ey 
5. ros (Pig. 
(Rp gm mm (A. 6) 
6. c, and C,. The relationship between the resistance and capaci 
l 
tance of the feedback capacitor of amplifier n 
siderations of equality between the angle of feedback impedance in th 
scale my and the angle of impedance of the parallel-connected r, and 
Cy: 
The input resistance of amplifier 9 is found from one of the follow- 
ing expressions: 
(R m./f 4 
(A. 8) 


7. The time constant + of the short-circuit current. The time con- 
stant is adjusted by changing the feedback resistance of the amplifier 
B (see Pig. 2): 


Trenslated by O.M. Blunn 
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DESIGN OF DEEP GROUNDING RODS FOR 
TRANSMISSION LINE TOWERS* 


A.B. OSLON 
(Pern’ ) 


(Received 6 June 1961) 


The increasing use of mechanization in the construction of transmission 
lines has attracted attention to the design of the grounding rods which 
are placed in pits beneath the foundations or footings of the towers 
(deep grounding rods). In this paper a method of determining their 
grounding resistance is proposed on the assumption that the rods are in 
homogeneous ground. 


The design of deep grounding rods was considered in a recent paper 
published in the Soviet journal Flektricheskie stantsii [1]. A method 
was proposed which involved utilization coefficients. Its drawback is 
the possibility of subjective estimates since the choice of coeffi- 
cients is based on analogy and depends on the experience of the person 
performing the calculations. The method proposed in this paper is free 
of this shortcoming. 


Deep grounding rods beneath the foundations of pylons are of com- 
paratively small dimensions, their dimensions being approximately the 
same in the horizontal and vertical direction. 


It has been shown elsewhere [2] that when the line density of the 
current flowing from each element making up the grounding system can be 
assumed to be the same, the resistance of a grounding rod is 


* Elektrichestvo, 12, 59-63, 1961. 
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where n is the number of elements in the grounding system; a,, the 
natural resistance of each element 1; a,, the mutual resistances be- 
tween element 1 and all the other elements; and 1, the lengths of the 
respective elements. 


Consider, for example, the grounding system illustrated in Fig. 1. 
It consists of four horizontal conductors 5 m in length, which form a 
square at the bottom of the pit, and four vertical conductors 2.5 m in 
height set up at the corners of the square. Together with their 
specular images, the e conductors form a cube with edges 5 m long (lI = 
5 m). 


If the individual conductors of circular section are 1 cm in dia- 
meter (4d = 1 cm), and the specific resistance of the ground is p (in 
ohm-metres), then the natural resistance of a conductor is 


~=p.0,220. (2) 


The mutual resistance between conductor / and the conductors parallel 
to it (3, 9, 11) can be found by the formula 
/ 


where a is the distance between conductors / ana rk, a= | for conduc- 
tors 3 and 9 and a= y 2l for conductor 11. 


From formula (3) 


0.0150; (3a) 
0.0.0109, (3b) 


1 
For the mutually perpendicular conductors 1 and 2 (and also 4, 5 and 
8), the mutual resistance is found from the formula 


? / 


tal ar sinh ). (4) 


If l, = l,, then 


OF sinh 1? 4-1) =.0.0280, (4a) 


Using the mean potential method [2], for the conductors 1 and 6, 7, 
10, 12 in different planes 


V +1 
4 (tn arc tan (5) 
| 22+a? l aV 2i*+a? }’ 


where a irs the distance between the planes in which the condrctor: "le 
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In the case in question, a= /. Therefore 


Bre ( In y 7 arc tan 
(5a) 
070° 96 
0.793 p 0.0126. 


Thus, in a homogeneous conducting medium, the leakage resistance of 
@ cube made up of conductors 5 m long and 1 cm in diameter is 


0.0353. 

The resistance /!° of the grounding system under consideration is 
twice as much, i.e. 

A 

Formulae (3)-(5) are too cumbersome to calculate the mutual resist- 
ances. A satisfactory alternative is the formula for the potential of 
a point in a radially spherical field 

(6) 
where at’ is the distance between the mid-points of the respective con- 


ductors. 


In fact, using formula (6) 


0 UZZO 7 thi 
i 


a.. 9-O.01I6:; a . 0-0.0]] 


Hence 
9-U.034; 


9 Obs 


As a secona esample, consider a ring 7 o in diameter (D = 7 m) laid 
at a depth ¢t = 2.5 m and provided with four vertical rods which are 
arranged uniformly on its circumference (Pig. 2). These rods are about 
5 m apart. They too are made from circular rod of diameter d= 1 cm. 


Using the above notation, the natural resistance of the ring accord- 
ing to Margolin’s formula is 
=p in =p-0.0628 (7) 
The mutual resistance between the ring and its vertical image is 
found by integrating the potentials formed by the currents flowing from 
all points of the ring at some point of its specular image. Owing to 


the symmetry of the system, it is unnecessary to integrate the 
potential formed at all points of the specular image. After 
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transformations 


= (8) 
YD? 4-402 J sins’ 
0 


where 
Dp 
The integral in formula (8) is a total elliptic integral of the first 
kind. In the case in question K? = 0.663 and the integral is 2.024. 
Consequently, 0.0119. 


Pig. 1. Fig. 2. 


Elliptic integrals are usually difficult to use. Formula (8) is 
therefore best replaced by an approximate expression 


2p 
= rap | t (Sa) 
(t is half the distance between the ring and its specular image), pro- 
vided the ratio t/) is small, and when it can be assumed that the 
elliptic integral of the first kind is equal to 


and the quantity 4t? can be ignored since it is small in comparison 
with D’, Expression (8a) provides a close approximation if t/D< 1/2. 
In the particular case in hand 


2 
- 
| 
i 
4 
| \ 
4 J G 
2V 
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t an 
D = 0.3 7. 
Consequently 

a,, —=p-0.0125. 


Five per cent error is quite permissible. 


Expression (8a) provides a simple formula for the mutual resistance 
between the ring and the vertical conductors. Here it is necessary to 
integrate (8a) over the length of the conductor and divide the result 
by the length of the conductor. As a resv]t 

In + 1) p- 0.0197, (9) 
where | = 2t, since a,, refers to the vertical conductor and its 
specular image. 


If the length of the vertical conductor is greater than the diameter 
of the ring, formula (9) leads to errors because (8a) provides only a 
rough approximation. 


Applying formula (1), the leakage resistance of a system consisting 
of a ring and four vertical conductors with their specular images is 


R- 00.0352, 
l4+14—4 


The grounding resistance is twice as much: 
9-0.064. 


In this analysis it has been assumed that the density of the current 
flowing from the ring and vertical rods was the same. This assumption 
can be dropped if the grounding system is regarded as consisting of two 
parts, one of which incorporates the horizontal elements (i.e. the ring 
and its specular image), whilst the other includes the vertical con- 
ductors and their specular images. 


Suppose that a, and a,, represent the natural resistances of these 
parts and @ ay their mutual resistance. The earthing resistance /! of 
the grounding system as a whole is then given by Schwarz’ formula 


Ken (10) 


According to formula (1): 
for the natural resistance of the horizontal conductors 
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= p-0.0377; 


for that of the vertical conductors 


(the values a,, = p x 0.0150 and a,, = p x 0.0109 have been calculated 
for the grounding system of Fig. 1). 
Their mutual resistance is 


a, = p-0,0197, 


Substituting these quantities in formula (10) 
R p-0.0324. 


The result is very close to that obtained previously. This shows that 
YEA it is permissible to assume a uniform distribution of the current along 
i the conductors when calculating the grounding resistance [2,5 ]. 


Now consider a typical grounding system in the form of a small ring 
with one conductor (Fig. 3). Formulae (8a) and (9) are not applicable 
to this case because t >> J). The mutual resistance between the ring and 
its specular image is calculated by the approximate formula (6): 


=P-0.0159. 


The natural resistance of the ring is found from formula (7): 


ay p-0.337, 
The resistance of the horizontal elements is 


90.1765, 


Design of deep grounding rods 


The natural resistance of the vertical element is calculated by 
formula (2): 


2, ==p-0.220. 


To calculate the mutual resistance a,,, it is necessary to integrate 
expression (8) over the length of the vertical element. This operation 
can only be performed by numerical integration. The quantity cp, is 

therefore found approximately. 


It is obvious that the total resistance of the crounding system 
hardly varies if the top of the vertical element is moved to the centre 
of the ring. This implies that the quantity a,, hardly varies either, 
and it can be calculated like the potential created by «» unjt of current 
flowing from the vertical grounding rod at any point of the ring, i.e. 
the following formula can be used [2 }: 


? 11) 
hy ‘inl 2a—l 


where 22 is the sum of the distances from the point to the ends of a 
rectilinear conductor, and | = 2t is the length of this conductor. 


Prom formula (11), the mutual resistance is 


2 9-0.047 
hyp? ).0478. 


In accordance with formula (10) 


R 705.0. 0 =p 0.129. 


»-0.244, 


Now suppose that grounding systems similar to that shown in Pig. 3 
are laid under the four footings of a tower at the vertices of a square 
with sides 6 m long (see Fig. 4). 


The sutual resistance between the individual grounding systems can 
be found quite accurately by formula (6) because the distance between 
them is greater than their ow size (here the grounding systems are 
again considered together with their specular images, and the distance 
between their wid-points is taken as ry,)- As a result 


Gig (yg 0.0133 and a), = p x 9.0095, 


In accordanc: 


with formule (1) 


0 122 4+ 2-0 0133 +. 0.0095 


==9-0.0395, 


The resistance of an actuai grounding system is 
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R’ == p-0.079. 


It is typical of the grounding systems shown in Figs. 1, 2 and 4 that 
their grounding resistances are approximately the same. The explanation 
is that they occupy approximately the same volume of earth. The volume 
of the cube in Fig. 1 is 125 m’, A sphere of the same volume has a 
radius of 3.1 m. The resistance of a hewisphere grounding system of the 
same radius is 


R’= =p-0.0515. 


This quantity can be used for estimating the lower limit of ground- 
ing resistance for deep grounding systems occupying a corresponding 
volume of earth. The better the surface of the volume is used to 
arrange the grounding conductors, the closer is the grounding rerist- 
ance of an actual system to that stated above. This explains the rela- 
tively high grounding resistance of the system shown in Fig. 4 in which 
there are no “cross-pieces" in the earth between its four individual 


Fig. 5. 


Thus, there are two ways of reducing the grounding resistance of 
deep grounding systems. Either a larger volume of earth can be occupied, 
or else its surface can be utilized b. tter in the arrangement of the 
grounding conductors. 


Finally, consider a grounding system consisting of a deep part and 
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Pinally, consider a grounding system consisting of a deep part and 
four arms (Fig. 5). Formula (10) is applied. The grounding resistance 
of the deep part is denoted by a,..It has already been defined in the 


last example: 
a, =p-0.079. 


The grounding resistance of arms which form a "four-are star", 
according to Oslon[2], is 


where L is the total length of the arms; ¢ the depth at which they are 
laid (assumed to be 0.5 m); and d the diameter of the rod of circular 
section (1 ca). 

The sutual resistance is found as follows. The field of the sunk 
grounding system is nearly radial-spherical. Using the method of mean 
potentials to calculate a,, and bearing in sind the proximity of the 
earth surface (i.e. assuming for the radial-spherical field that a = 
and not p/4mr): 


i 
4 
where | is the length of an arm; and r,, r, the distances between tne 
centre of the grounding system and the ends of a rod. 


In the case in question (r, = 4.25 m and r, = 14.25 m): 
a,,=—9-0.019, 
and hence for the total grounding resistance 


0.079.0,058 — 0,019 
=? 0079-4 0.058 —2.0,019 =? *0.0425. 


Treneleted by Blunn 
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Introduction 


To calculate the therma] breakdown voltage of insulators and capaci- 
tors analytically, it is necessary to solve the differential equation 


div(K deg T)= — Q, (1) 
where K is the coefficient of thermal conductivity of the dielectric; 
T the temperature; and () the specific heat dissipation in the di- 
electric, 


for p.f. thermal breakdown 
Q= (« tan 5/1.8 x 10°) w/cu*), (2) 


where « is the dielectric permeability; tan 6 the tangent of the di- 
electric loss angle; f the frequency of the alternating electrical 
field, c/s; and E the intensity of the electrical field, kV/cm. 


The analytic solution of equation (1) is confronted with great 
difficulties which can only be overcome by simplifications. To inte- 
grate equation (1) it is necessary to represent K, «, tan 5 and E 
as comparatively simple functions of co-ordinates and temperature. In 
particular, the relationship between tan 5 and temperature is written 


in the form 
tan (3) 
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where A and a are constants. 


But if this relationship is written thus, a is no longer a constant 
quantity for ceramic materials. It in fact increases by a factor of 1.5 
to 5 for a temperature rise from 0 to 200°C [1]. The existing theory 
cannot therefore be used to calculate the thermal breakdown voltage of 
ceramic insulators. 


Moreover, the existing theory was evolved for specimens of com- 
paratively simple shape which can be regarded as flat infinite plates 
or circular tubes and bars [2-4]. The relationship between £ and the 
co-ordinates is then comparatively simple and equation (1) may be 
solved, 


Insulators with uniform fields have the relatively greatest operat- 
ing voltages for minimum dimensions [5] (see Fig. 1). The electrical 
fields of these insulators are illustrated in Fig. 2 from the results 
of an electrolytic tank study of models of porous material. A study of 
these fields shows that the relationship U = El exists between the 
voltage U applied to the insulator and the intensity E£ of the electrical 
field in the insulator, where | is the shortest distance between the 
electrodes in the body of the insulator. 


4 


a) b) 


Fig. 1. Sectional view of typical insulators with a "uniform 
field": “support” insulator; "transfer" insulator. 


If the intensity £, of the field at which breakdown occurs in the 
insulator is known, the thermal breakdown voltage U, can be found by 
multiplying £, by 1. The first step in the determination of U, is the 
calculation of £,. If the heat transfer on to electrodes can be ignored 
for the insulators shown in Fig. 1, the quantity £, is independent of | 
and decreases with increasing wall thickness. 
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If the diameter of the insulator is much greater than the thickness 
of the wall D, the wall of the insulator can be regarded as approxi- 
mately flat. The problem therefore reduces to that of a plane-parallel 
Plate in which heat transfer takes place in X direction perpendicular 
to its surface, and the electrical field vector is directed along the 
surface of the plate (see Fig. 3). The mathematical solution is the 
same for a finite plate in which surface heat transfer is ignored as 
for an infinite plate in a uniform field. 


YEAR | 


X 
196] b) 0 D 
Fig. 2. Electrical fields of Fig. 3. A contribution to 
insulators in Pig. 1: the calculation of Ey. 


“support”; b- "transfer". 


The thermal breakdown voltage of ceramic insulators and capacitors 
can be determined by the following graphical method whenever the vari- 
ation of tan 5 with temperature is not to be regarded as exponential. 


Fundamentals of the method 


To illustrate the method, it is proposed to consider a dielectric 
plate in a uniform high-frequency electrical field with its intensity 
vector parallel to the surface of the plate. Suppose that the thermal 
insulation of one surface of the plate is ideal at X¥ = 0 and that the 
other is cooled by air at X = D (see Fig. 3). Heat transfer takes place 
in the X direction which is perpendicular to the electrical field 
vector E. The direction of this vector E at the instant ¢ and that of 
the vector of heat flow density q are shown in Fig. 3. It is assumed 
that the variation of K, « and tan 5 with temperature is known. The 
following notation is used: 


n tan 5f/1.8 x 106 [ W/om x kv?), (4) 


where 7 differs by a constant factor from the specific a.c. conductance 
in 2-'x cm~', This quantity 7 1s plotted as a function of temperature 
(see Fig. 4). It follows from (2) that the specific heat dissipation is 


y 
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Q= nF". (5) 


n= tan 8/1.8 x 10°)f 


Pig. 4. The relationship between 7 and temperature, 


A power P,., is dissipated in a column of unit section which is 
equal in height to the thickness D of the plate. If the temperature T,, 
of the cooled surface is greater than the ambient temperature Ty the 
power Pict from a unit area of the plate’s surface is determined by 
convection and radiation and depends on the position of the plate in 
air [6-8]. In the general case the power P|,, from a unit of surface 
area is a non-linear function of the difference (7, - T,) and depends 
on the shape and dimensions of the component and the state and chemical 
composition of its exposed surface. It is to be supposed that 


where the coefficient A of external heat transfer is independent of 
temperature and where the vuriation of K with temperature can be 


ignored. 
In thermal equilibrium 
or 
dT 


where dI/dX| y_p is the temperature gradient of the dielectric on the 
surface X= D, It follows from (7) that the amount of heat dissipated 

in the plate at the temperature T, in question is given, If the tempe- 
rature distribution in the dielectric and 7, are known, it is therefore 
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possible to calculate the intensity E of the field in the dielectric 
which heats the plate such that the temperature of the cooled surface 
is T,. Suppose the condition of thermal equilibrium is written in the 
fora 


D 
a(7)dX =4(T, —T,), (9) 


P= A(T, — T,) 
(10) 
Jumax 


Using the notation 


n(T)dX, (11) 


expression (10) simplifies to 


(12) 
The field intensity which causes the temperature of the cooled sur- 


face to rise to T, can therefore be determined by finding the distribu- 
tion of the temperature in the plate and calculating its mean value. 


The surface temperature T, , at which the intensity of the field is 
maximum £, can be found by plotting £ as a function of 7, if the con- 
dition of thermal equilibrium is fulfilled (see Fig. 5), The maxisum 
field intensity £, can be found by substituting in 12 7, , for T,, and 
9, for the value 7 if thermal equilibrium is unstable. 


By 


Pig. 5. The relationship between £ and 7, in thermal equilibrius. 


To determine the thermal breakdown voltage it is sufficient in 
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practice to know those values of ae Te 2 E’ and E” for which 


<4, (13; 
and 
B<E, (14) 
Por unstable thermal equilibrium 
(15) 


where 7, , is the maximum temperature in the plate at breakdown, and /* 
is defined as the temperature at the point where a straight line from 
T, on the base is tangential to the curve representing the variation of 
9» with temperature (see Fig. 4). 


The temperature 7,” is obtained on the assumption that the tempera- 
ture distribution in the plate is linear at the maximum temperature 7”. 
The other temperature a is found by assuming that the temperature 
distribution is parabolic and that the mean temperature is 7°. The in- 
tensity E° is obtained by putting in (12) the increased value of 9 and 196 
T,,’ instead of T,. The intensity E” is found by putting in (12) the re- 
duced value of » and 7,” instead of T,. Formulae may then be obtained 
for the thermal breakdown voltage and maximum temperatures of insula- 
tors and capacitors. 


The coefficient of external heat transfer A decreases with decreas- 
ing component size and increases with increasing temperature, For sur- 
face areas greater than 200 cm?, A can be taken as 0.001 W/cm? x deg 
{9 ]. Its value may be several times greater for small insulators and 
capacitors. 


The proposed graphical method is accurate enough for practical pur- 
poses. For example, if it is assumed that « is independent of tempera- 
ture and that the variation of tan 5 with temperature is in the form 
(3), for a plate 100 mm thick by the graphical method 


! ” 
(F +E"), (16) 
which is within 0.5 per cent of the calculated value of Ey. The error 
—& 
N= (17) 


is less than 5 per cent. The error can be calculated by formula (17) 
in those cases when the variation of tan 5 with temperature is not to 
be regarded as exponential. 


According to Fridberg, the thermal breakdown voltage of rutile 
ceramic capacitors (see Fig. 6) is between 7 and 13 kV at ambient air 
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temperatures of 25 to 30° C and a frequency of 1.7 Mc/s. The figure pro- 
duced by the graphical method for the same capacitors was 10 kV with a 
coefficient of external heat transfer A equal to 0.006 W/cm? x deg. 


Pig. 6. KVKB-13 rutile ceramic capacitors. 


YEAR| Application of the method 


196] 
The proposed method can be used for the design of all ceramic insu- 


lators which can be regarded as plates in a homogeneous field, e.g. in- 
sulators with a uniform field. 


Suppose it is required to find Ey and the plate temperature at the 
frequency f = 1 Mc/s. The plate is in a uniform field. Heat transfer 
parallel to the surface of the plate is negligible. 


Given. 


1. The variation of « and tan 5 with temperature at the operating 
frequency F = 1 Mc/s. 


2. Air cooling on one side of the plate; plate thickness D = 5 cm. 


3. The coefficient of thermal conductivity A is independent of 
temperature and equal to 0.01 W/cm x deg. 


4. The coefficient of external heat transfer A = 0.001 W/cm? x deg. 
5. Ambient temperature T, = 20°C. 
The method and formulae are as follows. 


The relationship 7» 


n= ¢ tan 5f/1.8 x W/em x kv? (18) 


is plotted as a function of temperature on a linear scale. The vari- 
ation of « tan 5 with temperature can be plotted instead, in which case 
arbitrary scale units can be used on both co-ordinate axes. The 
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variation of 7 with temperature for this example is plotted in Pig. 4. 


A tangent is drawn from point T, on the base to the curve for the 
temperature relationship of » and the temperature 7* at the point of 
tangency is determined (see Fig. 4). In the case in question 7* = 160°C. 


The following difference is then calculated 
in / deg]. (19) 
For the plate in question, w= 140°C. 


The following quantity is then determined 


i} 
Here U 0.5 


The following temperature is calculated 


which in this ca is 175°C. 


The temperature of the hottest zone 7 


disturbed is defined by the inequality 


j 7* (ZZ) 
or the expre 
le; 
Por the plate in question: 160 lo 4 175° C, or ly b 168 t 8°C,. 
The lowest temperature of the cooled surface is then calculated 
for which thermal equilibrium is not disturbed 
+ late ir in = 
For the p westion Tn 113°C 
TI f of the cooled surface at which thermal equilibrium 
is 
deg) 
i.e. 7 144 


The temperature of the cooled surface satisfies the following condi- 
tion at the instant when thermal equilibrium is disturbed: 


] (21 
YEAS 
196] 
ee , when thermal equilibrium is 
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and is equal to 


/ 


2(1 + 6)(4 + 


In this example, 113°C < 7, , « 144°C, or T,.§ = 129 4 16°C, 


The temperature drop \/ in the dielectric between the hottest and 
coldest regions is determined and, if @ < 2, it satisfies the condition 


/ 44 y? AT. + (28) 
If 0 > 2, then 


In this example 31°C < AT < 47°C, 


The maximum temperature gradient d7/d\| y_ ») on the cooled surface 
is calculated. If @ < 2, it is defined by the inequality 


dT 
|, deg/cm }. (30) 


If 0 < 2, the signs in (30) are the other way round. In this example 
9.4°C/em < dT/dX| y_ p < 12.4°C/cm. 

The values of 7 at the temperatures 7° and 7’, are then found, It 
will be seen from Fig. 4 that in this example 

n(T*) = 0.0085 W/em x kv? 

n(T,,’) = 0.0063 W/em x kv? 


The dissipated power per unit of surface area at approximately break- 
down field intensity is 


(31) 


In this example P’ is 0.093 W/cm‘. 


The dissipated power per unit of surface area at a greater field in- 
tensity than the breakdown intensity is 


In this example, P” <= U.124 W/cm’. 
The dissipated power P per unit of surface area at breakdown satis- 


fies the condition: 
(33) 


961 | 
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The intensity of the electrical field near breakdown intensity is 


E'= [kv/en) (34) 
(T*) + 4(T,, D 


In this example F’ = 1.58 kV/cm. 
That at a greater intensity than the breakdown intensity is 


” 
(35) 


In this example £” = 1.70 kV/cm. 


The electrical field intensity Ey which leads to breakdown satisfies 


the condition 
< (36) 


and is found from the expression 


b 
In this case, E, = 1.6 + 0.1 kV/cm. 


The proposed method is clearly accurate enough for solving practical 
problems. 


Formulae (18) to (37) can also be used for the analysis of plates 
which are air-cooled on both sides if ) is regarded as the “hal f-thick- 
ness" of the plate. 


The method is also applicable to tubular h.f. ceramic insulators 
with a uniform field if the radius of the tube is large compared with 
the thickness of the wall. For example, the critical field intensity E, 
of the insulators shown in Fig. 1 is found by formulae (34)-(37) and 
the corresponding thermal breakdown voltage is 

[xv], (38) 
where | is shortest distance between the insulator electrodes [5]. 


Sometimes the method can be used for complex problems. For example, 
Mantrov has applied the thermal analysis of a two-layer plate to the 
determination of the thermal breakdown voltage of paper-oil capacitors 
{10}. 


The temperature drop in the dielectric can be ignored for thin 
plates and the critical field intensity is then found by the formula 
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E h(T*—T,) (39 
b 


The formula for the thermal breakdown voltage of small ceramic in- 
sulators with a uniform field and a negligible temperature drop is 


= — 40) 
7 (7*) \ ‘ 


where S is the area of insulator’s cooled surface; V the volume of the 
ceramic part of the insulator; and / the shortest distance between the 
insulator electrodes. 


The thermal breakdown voltage of small capacitors has already been 
considered elsewhere [11 ]. 


Conclusions 


1. Given the frequency f, the ambient temperature 7,, a constant co- 
efficient of external heat transfer A, and a constant coefficient of 
dielectric thermal conductivity A: 


a) the temperature 7* in the plate at breakdown is independent of 
plate thickness D, the coefficients A and K and the electrical field 
intensity at breakdown Ey; 


6b) the value of 7* is determined solely by the variation of the loss 
coefficient « tan 5 with temperature at the frequency for which break- 
down occurs; 


c) the maximum temperature Ty. , in the plate at breakdown only in- 
creases with increasing plate thickness ) if D is small. For thick 
plates, Ty. is practically independent of 2 and remains less than 
2T°* - T, (T, is the ambient temperature); 


d) the temperature a b of the cooled surface at breakdown decreases 
with increasing plate thickness and tends to T;; 


e) the temperature drop between the hottest and coldest regions of a 
plate increases in proportion to J for thin plates, but for thick 
plates it is practically independent of J) and remains less than 
- T,); 


f) the maximum temperature gradient declines with increasing ) and 
tends to zero; 


g) the electrical field intensity £, at which breakdown occurs 
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decreases with increasing thickness. For thin plates Ey diminishes 
roughly in proportion to 1/VD, but for thick plates 1//. It can there- 
fore be assumed that the product of E,*D is constant for thin plates. 
For thick plates Ep is a constant; 


h) the thermal breakdown voltage U, of a plate capacitor with cool- 
ing via the electrodes increases approximately in proportion to yl if 
the distance | between the electrodes is short, but if / is large it is 
independent of the thickness of the dielectric and is a constant, in 
which case 


/ K(T*—T,) 


t) the thermal breakdown voltage U, of a capacitor with ideally 
cooled electrodes is independent of | and is the same as that of a very 
thick air-cooled plate. The value of U, for an ideally cooled capacitor 
is such that inequality (41) is fulfilled. 


Thus, the thermal breakdow.. voltage of a plate capacitor has a 
certain maximum, 


2. For a given plate thickness and frequency: 


a) the critical intensity Ey, increases with increasing value of A 
and K and decreases with increasing « and tan 3; 


b) the maximum temperature in the dielectric at breakdown increases 
with increasing A and tends to the limit; 


c) the temperature of the cooled surface decreases with increasing A 
and tends to 7,. 


3. A rise in ambient air temperature leads to: 
a) an increase in T°; 
b) a reduction in Ey; 


c) a lower temperature drop between the hottest and coldest regions 
of the dielectric; and 


d) a reduction in the maximum temperature gradient in the plate. 


4. The relationship between the loss coefficient « tan 5 and tempera- 
ture changes with increasing frequency. Therefore: 


a) T* increases with increasing frequency; 


b) E, decreases with increasing frequency, but it can only be 
assumed as a first approximation that this decrease is in inverse 
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proportion to the square root of frequency; if it is assumed that E 
does vary in inverse proportion to 1/\f at thermal breakdown, it is 
necessary to acknowledge other mechanisms of breakdown when the break- 
down is thermal and the variation of £, with frequency is not governed 
by the law £, = 1/yf. 


5. The theory of thermal breakdown on direct current, in which it is 
assumed that the conductance y increases exponentially with the tempera- 
ture 7, leads to the conclusion that the thermal breakdown voltage U, 
varies exponentially with ambient temperature 7,, a linear relationship 
having being predicted between log U, and 7, in the case when Y=Yoe" 
(where a and y, are constants). 


For y ye O/T, the conclusion is reached that log U, varies roughly 


in inverse proportion to the ambient temperature. The linear relation- 
ship between log U, and Ty (or 1/T,) may not always obtain in thermal 
breakdown at high frequencies owing to the complex relationship between 
the loss coefficient and temperature. In such cases the thermal break- 
down voltage U, is calculated by the proposed method and compared with 
its measured value. 


Translated by 0.M. Blunn 
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ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 12, 196! 


Leading article 


Ihe main problems of the electrical engineering industry 
in the complete electrification of the country. (pp. 2-6). 


irticle is essentially a statement of the policy of the U.§.6.R. 
ectrical Engineering Industry and the various tasks which have to 
fulfilled in its various branches. 


Amplifiers 


Pulse-width modulated power amplifiers using switch tran- 
sisters. (0.A. Kossov ct al., (pp. 69-75). 


A pulse-width modulator using symmetrical multi-vibrators with a vari- 
able phase shift has been patented in the U.S.S.R. as a general- 
purpose device for controlling the transistors of the output stage of 
power amplifiers. Junction-type transistors are used in variable 

power amplifiers with a reversible output on d.c. and a reversible or 
irreversible output on a.c. Numerous circuit adaptations are con- 
sidered in detail, It is claimed to be the simplest and most efficient 
system of its kind. 


Communications engineering 


A contribution to the analysis of the input impedances of 
ladder networks. V.S. Davydov, (pp. 44°49). 


The input impedances resulting from the switching "on" and "off" of 
circuit elements are analysed by a simplified mathematical method for 
circuits with many elements using recurrence relations. 


Th 
El 
| be 
1961 
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History of electrical engineering 


Mikhail Vasil’ evich Lomonosov. (pp. 7-9). 


The 250th anniversary of the birth of M.V. Lomonosov, scientist, poet, 
historian and philosopher, is commemorated. 


Power systems 


A cost analysis of reactive power compensation at indus- 
trial undertakings. N.A. Kezak, (pp. 28-31). 


The compensation of reactive power by parallel-connected static 
capacitors is studied as one aspect of the reduction of active power 
loss in electrical networks. A cost analysis is made to determine the 
optimum power and point of installation of the capacitors since it is 
these factors which determine the expedient reduction in reactire 
power consumption. The proposed method of analysis is mainly appli- 
cable to the planning of new networks at industrial undertakings. 


Indices of the quality of voltage stabilization in inde- 
pendent power systems. D.V. Vilesov, (pp. 32-36). 


Attention is concentrated on qualitative indices for the a.c. net- 
works of ships, locomotives and aircraft, etc., with a view to find- 
ing an objective basis for planning the power supply of individual 
consumers and independent electrical systems as a whole. Steady-state 
and transient indices of voltage and frequency stability are con- 
sidered separately by probability methods and integral characteristics 
(on the assumption that the processes are non-random). 


The use of a modelling device for optimum active load dis- 
tribution in the Karelian power system. N.G. Zaitsev 
et al., (pp. 80-83). 


The Karelian branch of the U.S.S.R. Academy of Sciences has developed 
an electronic computer for optimizing the distribution of active 
loads between two power stations. This equipment has been in use 
since November 1960 on the southern part of the 110 kV Karelian power 
system (connected to the Leninc-ad system). Accuracy to within 2-3 
per cent is claimed. General details are given. 


Abstracts 


Rotating machines 


Ihe problem of motor reliability. N.A. Tishchenko, 


(pp. 16-19). 


) lu I pa of a rt ] | n rich stvo 
ici tal improve the rella 
i I il ij 1] nt it ‘ h ical le 


in exact equivalent circuit and locus diagram for a solid 


roter asynchronous machine. V.M. Kutsevaloyv, (pp. 50-544. 


normal equivalent circuit is not considered accurate in the study 
jus machines with solid rotors when the stator winding 

resistance is large. An exact equivalent circuit is proposed instead, 
‘ting coefficient is a complex quantity. Very accu- 


YEAR . in which the correc 
196] rate urrent hodograpns art derived. 


the effect on small asynchronous motors of impedance asya- 
metry in the stator circuit phases. L.I. Stolov, (pp.76-80). 


The effect is considered of the magnitude and character of asymmetry 
of the stator circuit phase impedances on various characteristics 
(losses, starting torque and speed),of small asynchronous motors. It 
is concluded that a saturable reactor in one phase of the stator 
circuit is sufficient in certain conditions and that an additional 
inductive reactance in one of the stator phases causes no appreciably 
increased loss in asymmetrical conditions. 


Voltage multipliers 


Inhemogeneous Ladder networks for stage-type voltage 
multipliers. G.A. Vasil’ev, (pp. 54-59). 


Stage-type voltage multipliers for super-high voltages are regarded 
as special ladder networks (fourpole meshes). Inhomogeneous ladder 
networks refer to meshes made up of different sections when the para- 
meters of each section depend on its (ordinal) number. "Matched" net- 
works are considered in particular, i.e. those loaded by their 
characteristic impedance. Special attention is paid to circuits with 
a non-decaying voltage and travelling wave stage multipliers at con- 
paratively low frequencies with small capacitors. 


665 
tails of Soviet electrical motors. 
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Welding 


Welding technology today. B.E. Paton, (pp. 9-16). 


Welding techniques are being used in Soviet industry on an exception- 
ally large scale. Various new welding methods are described and 
photographs of the equipment are given. 


YEAR 
1961 


YEAR | 
1961 | 


ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 1, 1962 


Leading article 


The development of power engineering in the light of the 
decisions of the C.P.S.U. 1.A. Syromyatnikov, (pp. 1-6). 


An authoritative study is made of long term investment in hydro- 

electric and coal-burning power station equipment and the national 
grid to achieve the communist party’s programme of complete electri- 
fication of the U.S.S.R. 


Circuit theory 


Analysis of transients in complex Circuit with several 
non-linear elements. A.F. Berezovskii, (pp. 73-75). 


The author combines a graphical-analytical method, based on the sub- 
stitution of the definite integral by an approximate sum using the 
trapezoidal formula, with iteration methods, in order to analyse 

transient behaviour in complex circuits with several non-linear ele- 
ments. An example is given. 


Control engineering 


Automation of multi-motor drives. Yu.M. Fainberg, e¢t al., 
(pp. 25-29) . 


The author seeks to formulate a general method of selecting the best 
type of control system to maintain a specified relationship between 
the speeds of motors in large automated electric drives. A compara- 
tive analysis is made of the results of various control systems. The 
proposed method is illustrated in reference to continuous rolling 
mills. 


667 
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A computer study of contrel system reliability. 


I.R. Preidzon, (pp. 36-39). 
Using the control system of a ship as an example, the author de 
scribes a method of enalysi: the reliability of the nt | te 
in its various possible fault conditions by mat i] simulation 
on a computer. It i proposed to incorporate seal els l! on 
tro] systems which wou! jiscover the fault and l th sleet 
or eliminate the fault, before damage can be don 
The theory and practice of optimalizing control. A.A. 
Pel’dbaum, (pp. 39-44). 
A general study is made of the criteria of optimalcy and optimaliz 
ing contro] systems. 

Impulse testing 
A small impulse generator. F.F. Lange et cl., (pp. 58-60). 


leveloped a 
of 
They also feature a low in- 


The Lenin All-Union Electrical kmgineering Institute has 
series of three small 1000-1500 kV impulse generators whic 
special interest 
ternal resistance. 


are 
in switchgear testing. 


Their general details are: 


Height for 3 MV, hase dimensions, ro per unit Voltage 
metres metres of volume gradient, 

kW. sec/m3 kV/m 

1 10.8 0.125 11.1 280 

2 3.9 1.15 x 0.57 5.90 770 

3 5. 85 0.93 x 0.84 3.3 515 

Magnetism 


The stability of magnetic systems with intra-frawe waguets 
and the calculation of their temperature coefficient. 


A.Y. 


Mitkevich et al., 


(pp. 


69-73) . 


To solve the problem of reliability for instruments and electrical 


gear having permanent magnets, 
between the stability of the gap flux in magnet ix 


the authors atudy 


the re 


st el 


lationship 


ns on the one 
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hand and the properties of the magnet, the design of the system and 
the magnetic and temperature stabilization of the system on the other. 
The article is based on an analysis of eighty systems using magnico 
magnets and magnico with an 0.5 or 2 per cent titanium content. 


Measurement 


The measurement of impedance by a "Three meter" systen. 
V.E. Kazanskii, (pp. 81-82). 


It is considered that the "two-meter” method of measuring impedance 
by an ammeter and voltmeter with a correction formula is inapplicable 
to a.c. circuits. In the proposed "three-meter" system, two ammeters 
and one voltmeter, or two voltmeters and one ammeter are used, de- 
pending on the magnitude of the impedance. The advantage is that the 
results of the correction formula no longer depend on the impedance 


YEAR of the meters. The system is largaly confined to linear impedances. 


1961 


Power systems 


Economic distribution of active power in a mixed power 
system. I.M. Markovich et al., (pp. 10-11). 


A general method is proposed for solving the problem of economic dis- 
tribution of active power in power systems consisting of coal-burning 
and hydro-electric power stations with network losses included. The 
method is based on Lagrange’s method of indefinite multipliers. 


Determination of the most economical number of connected 
generator sets. K.A. Smirnov, (pp. 12-15). 


The most economical number of connected generator sets in power 
systems containing coal-burning power stations is considered in the 
light of changes in network losses, using a method of marginal analysis. 


A quantitative estimate of voltage quality in distribution 
networks. F.F. Karpov, (pp. 16-21). 


Using probability methods, a study is made of the duration of devia- 
tions from rated voltage in distribution networks. It is considered 
that the maintenance of continuity for the main consumers at the ex- 
pense of increased voltage deviations for small numbers of remote 
non-priority consumers is economically justified from the nationa2 
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point of view. 


The efficiency of series capacitors for the compensation 
of voltage losses in mine distribution networks. y. 4G. 
Bauman et al., (pp. 21-25). 


It is argued that the use of series capacitors in large mine net 
works helps to reduce voltage losses considerably and the syste 
should always be considered. 


Rotating machines 


Determination of synchronous machine frequency character- 
istics. N.I. Sokolov «t a!., (pp. 29-35). 


It is considered that the analysis of electromagnetic and electr 
mechanical behaviour has hitherto been based on data corresponding to 
idealized machines having no more than two discrete rotor circuits 
along the direct axis and one in the transverse axis. An equivalent 
circuit is derived for synchronous and asynchronous machines contain- 
ing many circuits which correctly describes behaviour over a wide 
range of slip variation. The equivalent circuit can be used for com 
puter studies. 


Shert-circuit currents in variable speed generators. 1.2. 
Ageyev, (pp. 45-48). 


The author considers (1) the effect of commutating section m.m.f. and 
brush displacement on the magnitude of the short-circuit current, (2) 
steady state short-circuit conditions in machines with the full 
number and half the number of compoles, (3) the characteristics of 
short circuits in generators without compoles and (4) the tuning of 
commutation from the short-circuit characteristic. 


An electrostatic generator with a rotating cylinder and 
hydrogen insulation. N.J. Felici, (pp. 63-69). 


The author considers that engineering circles in most countries are 
mistaken in ignoring “electrostatic electromechanics" for which great 
prospects are claimed. The author follows up articles in the German 
and Prench technical press with a detailed survey of electrostatic 
cylindrical generators using pure hydrogen for use in industry. 
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Netermining the output of motors with a random load. 
Dukhovnyi et al., (pp. 75-79). 


Probability methods are applied to determine the power of small and 
medium motors with random fluctuating loads. 


Radioactive radiation 


Sulphur-cadmium semiconductor y-radiation detectors. N.G. 
Drozdov et al., (pp. 49-51). 


The authors consider the volt-ampere characteristics, sensitivity, 
inertial properties and stability of CdS detectors. Their practical 
use in dosimetry and as y-relays in automatic control devices appears 
to be assured in spite of their considerable inertia. 


YEAR Switehgear 
1961 


Coutrolled arresters. S.A. Smirnov et al., (pp. 52-54). 


In 1959 the authors patented three types of "triggered" sparkgap 
which it is claimed can be used for the commutation of large impulse 
currents at high repetition rates without breakdowns due to the high 
intensity of the electrical field in the gaps of the discharger in 
the period between operations. Tests indicate their value in high 
voltage wear for switching very large currents. 


Sparkgap unit for 500 kV magnetic rotating-are arresters 
with 100% recovery strength. G.V. Bugkevich et al., 
(pp. 55-58). 


A new sparkgap unit is described for use in magnetic rotating-arc 
arresters for combined protection from internal surges and lightning 
strokes on 500 kV transmission lines. These arresters are described 
in an article translated in this journal from Elektrichestvo 4, 1960. 
The new improved sparkgap unit has a higher relative recovery 
strength. 


The use of Hall Effect detectors for oscillographing large 
a.c. currents in switchgear tests. I.B. Bolotin, (pp. 79- 
80). 


Germanium and mercury selenide Hall e.m.f. “pickups" have been 
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successfully used without capacitors for oscillographing large a.c. 
currents in laboratory switchgear tests in place of steel- and air- 
cooled current transformers and shunts. 


Traction 


The World’s longest electrified railroad, “oscow-Saikal. 
Lomagin, (pp. 7-9). 


General details are given of the recently completed electrified 
stretch of the Trans-Siberian railway between Moscow and Lake Baikal 
(approx. 5500 km) with special emphasis on achievements in the 
electrical construction work. 


Revision of the regulations for the corrosion protection 
of metal structures CN-28-58. D.B. Lomazov, (pp. 60-63). 


YEAI 


Plans have been made to revise and enlarge the regulations governing 196 | 
the protection of metal structures from corrosion. The author .ists 
and briefly considers nineteen points which he recommends for further 
study as regards structures laid underground in electrical traction 
systems. 


ABSTRACTS FROM PAPERS PUBLISHED IN 
ELEKTRICHESTVO No. 2, 1962. 


Capacitors 


The reliability of ceramic capacitors of large reactive 
power. A.T. Alad’ev, (pp. 30-32). 


This paper gives the results of Soviet research into the effect of 
YEAR operating conditions and the surrounding medium on the reliability 
1961 of industrial ceramic capacitors of large reactive power. It is 
argued that the operational reliability of capacitors can be pre- 
dicted from the estimated life of the dielectric. 


Control engineering 


An analysis of schemes with transformer electrical 
machines by vector diagrams. V.A. Atsyukovskii, (pp.61-63). 


The processes taking place in such machines as selsyns and sine- 
cosine rotary transformers are studied by a combination of vector 
diagrams. It is shown that a smooth functional relationship can be 
obtained between the input and output axles of various devices. 


Flectric furnaces 


A method of analysing non-symmetric three-phase circuits 
in electric arc furnace installations. N.A. Markov et el., 
(pp. 33-37). 


It is considered that the existing graphical-analytical methods of 
analysing non-symmetric three-phase circuits in electric are fur- 
naces fail to include the differences in mutual inductance between 
the individual phases. A general analytic method is proposed on con- 
dition that the arc voltage is constant. 
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Electrical steel 


The effect of various elements on the properties of 
electrical steel. G.A. Garnyk et al., (pp. 71-74). 


It has been established that the silicon content of cold-rolled 
electrical steel can be increased to 6 per cent without it becoming 
brittle by obtaining the molten steel with an 0.01-0.02 per cent 
carbon, 0.003 per cent oxygen content and an 9.004 per cent nitrogen 
content in an induction vacuum furnace. For mass production the 
molten steel is treated in ladles under vacuum. 


Measurement 


An oscillographic device for measuring the dynamic magnet- 
ization curve of ferromagnetic materials. 


Symmetric hysteresis loops are produced on the oscillograph screen by 
electronic amplitude modulation of the magnetizing sinusoidal current. 
The brightness of the beam of the oscillographic indicator is 
modulated and “brightening” pulses are supplied at the instant the 
current passes through maximum. Accuracy is to within 5 to 6 per 
cent, but the method is very quick. 


Power systems 


Special characteristics of automatic field control for 
generators at stations feeding two power systems. G.V. 
Mikhnevich, (pp. 1-5). 


It is considered that a simple generator-bus equivalent network is 
inadequate for the study of the stability and quality of transient 
phenomena in a complex power system in which the generators are 
equipped with high-response controllers. The results of an investiga 
tion of penerators operating into two power systems are given. 


educing the unbalance with two phases open by means of 
shunt capacitors. N.A. Mel’nikov, (pp. 10-14). 


This paper is based on the proposition that the symmetry of a line 
with two phases open can only be attained by devices which represent 
an additional load such as the installed banks of static capacitors 
for compensating the power factor in normal symmetrical conditions. 


YEAR 
1961 
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A mathematical study is made of the limitation imposed by inadequate- 
ly high negative sequence voltages and currents. 


Relays and protection 


The principles of earth fault protection responding to 
transient phenomena. I.N. Popov, (pp. 14-19). 


It is considered that earth fault protection utilizing transient 
electrical quantities is expedient for many electrical systems in 
which the direction of the fault and the fault sections are deter- 
mined by the first indications of signal relays which are communi- 
cated to the despatcher manually or telemechanically. 


Prospects for the application of cybernetics in the theory 
of the relay protection of power systems. 0.V. Mamontov, 
(pp. 6-10). 


The author broadly indicates how methods of engineering cybernetics 
(as expounded by Wiener and in Automatic Control and Computer 
Engineering, Ed. V.V. Solodovnikov, currently being published by the 
Pergamon Institute) can be applied successfully to the formulation of 
a comprehensive classification and generalized theoretical method of 
analysis for the electronic protection of power systems. Special 
amphasis is laid on the theory of games. 


Aspects of the behaviour of carrier protection on 400-500 
kV lines during transients. S.B. Losev, (pp. 20-26). 


After an analysis of primary quantities, the author elaborates on 
the transient behaviour of Soviet carrier protection for 400-500 kV 
transmission lines and considers the appropriate type of filter. The 
use of a “compensation resistance” is advocated with the frequencies 
trausmitted by the tuned circuits of the operating and polarizing 
circuits of the relays included as well as the capacitive current of 
the line at supply frequency. 


Rotating machines 


Variable d.c. machines with permanent magnets and asya- 
metrical poles. L.M. Polastin et al., (pp. 48-51). 


Much scope is claimed for variable d.c. motors and generators with 
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asymmetrical poles. This claim is based on a series of tests which 
are described. 


The stability of a hydro-electric generator with electric 
braking. D.£. Trofimenko, (pp. 27-30). 


This paper gives an account of analytical investigations into the 
dynamic stability of a hydro-electric generator with "multi-cycle” 
electrical braking. Attention is concentrated on the optimum method 
of controlling the braking for several cycles of swinging. It is 
claimed that the proposed system is superior to "“single-cycle" 
braking and high-response automatic reclosure. 


Hletere-polar polyphase inductor machines. N.N. Levin 
et al., (pp. 52-55). 


YEA 
Hetero-polar polyphase inductor machines with twin-tooth win/ings can 19€ 
often be used in electrical drives in synchronous and asynchronous 

conditions. Special attention is paid to the minimum machine con- 
stant. 


The heating of solid rotors in synchronous notors on 
starting. 0.V. Livanova et ol., (pp. 56-58). 


It is calculated by a graphical method that it is safe to start a 
synchronous motor with a solid rotor at a voltage at least 70 to 80 
per cent of the rated voltage. The voltage drop in the reactances of 
the supply line and transformer is sufficient in some cases for 
direct starting from the network without special starting reactors. 


The e.m.f. due to the leakage fluxes in an armature with 
double set of brushes. I.M. Sadovskii, (pp. 59-60). 


A study is made of the process whereby the e.m.f. is induced in 
electrical wachines with longitudina! and transverse brushes, e.¢. 
ampplidynes with a transverse field. 


Switchgear 


Controlling the damping of the test recovery voltage. 
Krizhanskii, (pp. 43-47). 


The author considers the main requirements which have to be met in 
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order to determine the shape of the test recovery voltage curve and 
compares the conditions of rupturing capacity tests on circuit 

breakers for various shapes of the curve for a single-frequency re- 
covery voltage. It is argued that data of the conditions of voltage 


recovery in actual systems are required before any test method can be 
recommended. 


Operating experience with tungsten-based cermet contacts 
in large circuit breakers. 0.K. Teodorovich et al., 
(pp. 64-68). 


The authors strongly advocate the coating or building-up of copper 
and brass contacts with a tungsten-copper tip. The shape of the 


circuit-breaker contacts is important and this is illustrated by a 
drawing. 


YEAR 
1961 


The volt-ampere characteristics and carrying capacity of 
non-linear “Tervite" resistors for surge arresters. 
V.I. Pruzhinina-Granovekaya et al., (pp. 74-77). 


This paper describes the electrical properties of a substance called 
"tervite" which is now being used in place of vylite for the non- 
linear resistors of surge arresters and combined surge and lightning 
arresters on super-high voltage transmission lines etc. Tervite 
features such stability and humidity resistance that it is also used 
in a.c. and d.c. gear for limiting surges without sparkgaps. 


Traction 


The design of tramway networks. D.B. Lomazov, (pp. 38-43). 


The author reviews the standards laid down for the voltage drop in 
the rail networks of tramway systems in various countries. It is 
argued that no general standards can be laid down and a method is 
proposed whereby the best systew for a particular case can be 
calculated. 


